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Matrix metalloproteinase (MMP) enzymes participate in collagen matrix degradation,
including in dentine, potentially compromising bond strength. Therefore, MMP
inhibitors have been hypothesized to improve restoration bond strength and stability.
This systematic review aimed to evaluate the influence of different MMP inhibitors
applied as dentine surface pretreatments on the immediate (24 hours) and longer term
(months) bond strength of direct coronal composite restorations. This systematic
literature review followed the Preferred Reporting Items for Systematic Review and
Meta-analyses (PRISMA) statement. A systematic literature search of three databases
(Ovid MEDLINE, Ovid Embase, and Google Scholar) was conducted independently by
two reviewers from inception to April 2022. An adapted quality assessment tool was
independently applied by two reviewers for risk of bias assessment. RevMan v5.4
software was used for meta-analyses. A randomeffectsmodel was used to generate-
mean differences with 95% confidence intervals for treatment and control compar-
isons. The Q-test and I2-test were used to test for heterogeneity. The proportion of
total variance across studies attributable to heterogeneity rather than chance was
calculated. Overall effects were tested using the Z-test, while subgroup differences
were tested using Chi-squared tests. Of 934 studies, 64 studies were included in the
systematic review and 42 in the meta-analysis. Thirty-one MMP inhibitors were
reported, three of which were included in the meta-analysis: 2% chlorhexidine
(CHX), 0.3M carbodiimide (EDC), and 0.1% riboflavin (RIBO). Pretreatment with 2%
CHX for 30 and 60 seconds did not significantly improve bond strength compared with
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controls either immediately or after long-termageing. However, pretreatment with
0.3MEDC and 0.1% RIBO (but not CHX) significantly improved bond strength compared
with control groups both immediately and over time. Most studies showed a medium
risk of bias. These in vitro findings pave the way for rationale clinical trialing of dentine
surface pretreatment with MMP inhibitors to improve clinical outcomes.

Introduction

Since their introduction around six decades ago, restorative
adhesives have undergone numerous improvements."? De-
spite these advances, adhesive restorations often lose their
bond strength over time, leading to their failure.>* Adhesive
restorations critically rely on their bond with the tooth
structures for strength, with the interface—the hybrid layer
—crucial in determining the bond’s longevity and stability.>°
The collagen fibrils in dentine (mainly type 1 collagen) are
key to establishing a strong bond, and their deterioration is
thought to be the main reason underlying bond failure to
dentine.’

Recent studies have examined the role of endogenous
enzymes present within the dentine extracellular matrix
(ECM) and their effect on bond stability. Among these
enzymes, matrix metalloproteinases (MMPs) represent a
group of calcium- and zinc-dependent host-derived
enzymes.2 MMPs are divided into six subgroups: collage-
nases (MMP-1 and MMP-8), stromelysins (MMP-3, MMP-10,
MMP-11, and MMP-20), gelatinases or type-IV collagenases
(MMP-2 and MMP-9), matrilysin (MMP-7), metalloelastase
(MMP-12), and membrane-type metalloproteinases (MMP-
14, MMP-15, MMP-16, and MMP—17).9 Of these, four MMPs
have been identified within the dentine extracellular matrix:
MMPs-2, -8, -9, and -20, with MMP-2 and -9 as the most
abundant.'®"" These enzymes are secreted by odontoblasts
during odontogenesis and remain silenced and inactive
within the dentine ECM.'? However, these MMPs are acti-
vated either by biological acids produced by cariogenic
bacteria'® or acids introduced during acid etching.'*'?
When activated, they start to degrade the exposed collagen
fibrils within the dentine.'® Therefore, inhibiting MMPs
could help to preserve the hybrid layer and, therefore,
bond stability.

Several types of MMP inhibitor (synthetic and natural)
have been described including benzalkonium chloride,'”:'8
chlorhexidine,'®2" galardin,?? green tea extract,®>** and
zinc.2> MMP inhibitors can be administered either as dentine
surface pretreatments or those incorporated into the adhe-
sive. The current systematic review and meta-analysis aimed
to collect and analyze the available in vitro evidence on the
influence of different MMP inhibitors applied as dentine
surface pretreatments on the immediate and long-term
bonding strength of coronal composite restorations. The
null hypothesis was that there would be no difference in
bond strength after MMP inhibitor use compared with
controls.

Methods

Eligibility Criteria

The systematic review was developed according to the PICO
scheme (~Table 1)?® and was conducted according to the
Preferred Reporting Items for Systematic Review and Meta-
analyses (PRISMA) guidelines?”:

Population: all studies examining extracted human teeth,
caries-free dentine, healthy dentine, sound dentine, carious-
affected dentine, or affected dentin.

Interventions: all studies examining MMP inhibitors as
dentine surface pretreatments prior to direct coronal com-
posite restoration placement. Therefore, studies that used
luting cements and glass ionomer cements were excluded.

Comparator(s)/control(s): teeth without intervention
(i.e., without the addition of MMP inhibitor). Studies that
included no comparator were excluded.

Outcome: the main outcome was bond strength or bond
stability at the microscale (by microtensile and microshear
testing). Studies that tested bond strength at the macroscale
were excluded. Included studies needed to have aged the
samples for at least 24 hours in water or artificial saliva. Thus,
studies with ageing up to 24 hours only and/or studies that
used ageing solutions other than water or artificial saliva
were excluded.

Search Strategy

Types of Searched Studies

The search included published, peer-reviewed in vitro studies
presenting the results (means and standard deviations [SDs])
quantitively and numerically in the English language. Thus,
studies that reported the results in graphs or figures only were
excluded. Non-peer reviewed studies, conference posters,
letters, theses, reviews, and editorials were excluded.

Period of Reviews (Timing) and Databases

A systematic literature search was conducted in three data-
bases: Ovid MEDLINE (1946-April 2022), Embase (1974-
April 2022; see =Table 1), and Google Scholar (up to
April 2022).

With respect to the search strategy for Google Scholar, the
following terms were used: “Extracted human teeth” OR
“human teeth” OR “Sound dentine” OR “healthy dentine” OR
“affected dentine” OR “Carious affected dentine” OR “Caries
affected dentine” OR “Dentine” AND “Matrix metalloprotei-
nase inhibitors” OR “MMP inhibitors” AND “Bond strength”
OR “Bond stability.”

European Journal of Dentistry ~ Vol. 17 No. 4/2023 © 2022. The Author(s).

975



Impact of Dentine Pretreatment with MMP Inhibitors on Bond Strength

Jamal et al.

Table 1 Keywords and the strategy used in MEDLINE and Embase

Medline (Ovid)

Embase

P 1.
2. Sound dentine.mp./OR healthy dentine.mp.

dentine.mp./OR affected dentine.mp.

Extracted human teeth.mp./OR Human teeth.mp. 1.

3. Carious affected dentine.mp./OR Caries affected 3. Carious affected dentine.mp./OR Caries affected

Extracted human teeth.mp./OR Human teeth.mp.
. Sound dentine.mp./OR healthy dentine.mp.

N

dentine.mp./OR affected dentine.mp.

4. Dentine$.mp. 4. Dentine$.mp.
5.TOR20R30R4 5.TOR20R30R4
| 6. Matrix metalloproteinase inhibitors/OR MMP 6. Matrix metalloproteinase inhibitors/OR MMP
inhibitors.mp. inhibitors.mp.
C 7. No matrix metalloproteinase inhibitors/OR No MMP | 7. No matrix metalloproteinase inhibitors/OR No MMP
inhibitors inhibitors
(0] 8. Bond strength/OR Bond stability 8. Bond strength/OR Bond stability

Combined | 1 OR2 OR3 OR 4 AND 6 AND 7 AND 8)

1 OR2 OR 3 OR4 AND 6 AND 7 AND 8)

Abbreviation: MMP, matrix metalloproteinase.

Data Selection and Collection Processes

Full texts of all eligible studies were uploaded to reference
management software (EndNote X9.3.1) and duplicate pub-
lications were removed automatically. Two authors (H.J. and
R.Y.) screened the titles and abstracts, and the full text of
studies meeting the inclusion criteria was read. Two eval-
uators (H.J. and R.Y.) independently screened each full-text
paper based on the eligibility criteria. In case of discrep-
ancies about study eligibility between the two reviewers, a
further evaluator was involved (H.A. or PA.). A data extrac-
tion form included the following: authors’ names, year of
publication, type of MMP inhibitor used, duration of MMP
inhibitor used as dentine pretreatment, substrate condition,
type of bonding agent, type of ageing solution, period of
ageing, type of bond strength test, and bond strength
means. Two reviewers (HJ. and R.Y.) were independently
involved in data collection. An experienced third reviewer
(P.A.) independently extracted data from 10% of studies to
check process consistency. Conflicts of opinion were re-
solved through consensus by consulting a further reviewer
(H.A. or AY.).

Risks of Bias and Quality Assessment

A quality assessment tool adapted from a previous study?®
was independently used by two reviewers (H.J. and R.Y.).
The tool evaluated bias in terms of sample randomization,
substrate condition, duration of dentine pretreatment, the
use of materials according to the manufacturer’s instruc-
tions, storage medium, interface surface area, restorative
and bond tests performed by a single operator, sample size
calculation (power analysis), and blinding of the operator
during bond strength testing. Minor modifications were
added to the risk of bias evaluation tool, which are “dentine
pretreatment duration” and “storage medium”. For each
component of the tool, the letter “Y (yes)” was assigned if
the author reported the item and “N (no)” if it was not
reported. The grading judgement of “low,” “medium,” or
“high” for the study was based on the total number of “Ys”
as follows: one to five (high), six, or seven (medium), and
eight or nine (low).

European Journal of Dentistry  Vol. 17 No. 4/2023 © 2022. The Author(s).

Data Synthesis

Findings were summarized narratively using text and
tables. For example, findings were summarized according
to type of MMP inhibitor used, duration of dentine pre-
treatment, substrate condition (caries-free or caries-affect-
ed), type/mode of bonding agent, type of ageing solution,
period of ageing, type of bond strength test, and mean bond
strength.

Meta-analysis

Review Manager (RevMan) version 5.4 software from the
Cochrane Collaboration was used for meta-analyses using
the following information: the average difference in out-
come measures between the intervention and control
groups, the number of teeth in each treatment group, and
the standard deviations. These data were categorized
into three time periods: 24 hours, 6 months, and 12 months,
where applicable, and further divided into the type of
MMP inhibitor, the adhesive application method used
(self-etching or etch and rinse), and the pretreatment
duration. Only MMP inhibitors applied for 30 and 60 sec-
onds were included as they contained enough data for the
meta-analysis.

The mean differences (MDs) and their 95% confidence
intervals (CIs) were calculated. Findings from all compar-
isons were generally pooled according to the three
time periods (24hours, 6 months, and 12 months).
After establishing the pooled MDs according to time,
additional pooling was carried out depending on the vari-
ous parameters indicated. A positive MD supports the
experimental group, whereas a negative MD favors
the control group. A random-effects model was used to
generate MDs with 95% Cls for treatment and control
comparisons.

The Q-test and I’-test were used to test for heterogeneity.
The P statistics was interpreted according to the Cochrane
guidelines, with 0 to 29% as being low, 30 to 50% as
moderate, and 50 to 90% as considerable heterogeneity.29
The proportion of total variance across studies attributable
to heterogeneity rather than chance was calculated.
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Finally, the overall effects were tested using the Z-test,
while subgroup differences were tested using Chi-squared
tests.

The following analyses were carried out:

1.2% chlorhexidine (CHX) versus control at baseline
(24 hours).
2.2% CHX versus control at 6 months.
3. 2% CHX versus control at 12 months.
4.0.3 M 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide
(EDC) versus control at baseline.
5.0.3 M EDC versus control at 12 months.
6. 0.1% riboflavin (RIBO) versus control at baseline.
7.0.1% RIBO versus control at 6 months.
8. 2% CHX versus control at baseline (according to pretreat-
ment duration of 30 seconds).
9.2% CHX versus control at 6 months (according to pre-
treatment duration of 30 seconds).
10. 2% CHX versus control at baseline (according to pretreat-
ment duration of 60 seconds).
11.2% CHX versus control at 6 months (according to pre-
treatment duration of 60 seconds).

Results

Study Selection

A flowchart summarizing the selection process according to
the PRISMA statement is shown in =Fig. 1.7 During the
initial search, 934 potentially eligible studies were retrieved.
After removal of duplicates, 763 studies remained of which
193 remained after reviewing the titles and 163 after
reviewing the abstracts. Following reading the full texts,

e )

[ Identification of studies via

]

Records identified from:
Databases (n = 3)
MEDLINE 45
EMBASE 38
Google scholar 851

}

Records screened
(n=934)

!

Records excluded
(n=870)

I

Studies included in review
(n=64)

I

Studies included in the
meta-analysis
(n=42)

Identification

[

)

Screening

Included

—

Fig.1 PRISMA 2020 flowchart diagram of study selection.?” PRISMA,
Preferred Reporting Items for Systematic Review and Meta-analyses.
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64 studies were included in the study and 42 were included
in the meta-analysis.

Study Characteristics

The data obtained from the included publications are listed
in =Table 2. The 64 included in vitro studies were published
between 2009 and 2022.

Thirty-one different types of MMP inhibitors were used,
14 synthetically derived and 17 naturally derived. The micro-
tensile bond strength test was used in all included studies
except for five studies that used microshear bond strength
testing. Most studies (n=53) used caries-free dentine sub-
strate, 13 used caries-affected dentine, two studies used
eroded dentine, and one study used dentine without men-
tioning its condition. All studies used permanent teeth
except for one study that used primary teeth.

With respect to storage medium, the majority of studies
used distilled water (40 studies) and 22 used artificial saliva.
Two studies used both distilled and deionized water. The
majority of the studies applied MMP inhibitor for 60s
(n=47), six studies applied it for 30 seconds, four for 120 sec-
onds, three for 5seconds, two for 15 seconds, and one each
for 20 and 180 seconds. One study did not report the appli-
cation duration. Only MMP inhibitors applied for 30 and
60seconds were included in the meta-analysis, as they
contained enough data.

Ageing periods ranged from 24 hours to 5 years, and
various thermocycling ageing protocols were also used.
The majority of studies (n=62) aged samples for 24 hours
as an immediate ageing period. With respect to long-term
ageing, 31 studies aged the samples for 6 months, 19 aged
them for 12 months, five aged them for 3 months, three for
2 years, three for 18 months, two for 9 months, and one study
each for 3 days, 1 week, 15 days, 15 months, and 5 years.
Eleven studies used thermocycling for ageing: four used
1,000 cycles, two used 5,000 cycles, and one study each
used 2,500, 3,000, 10,000, and 25,000 cycles.

Risk of Bias Evaluation

~Table 3 shows the evaluated risk of bias of the included
studies. Overall, almost half of included studies showed a
medium risk of bias (33 of 64), 17 of 64 studies showed a high
risk of bias, and 14 studies were classified as a low risk of bias.

Meta-Analysis

Of the 64 studies, data from 42 studies were subjected to
further evaluation in meta-analyses (=Figs. 2-6). In the first
analysis (2% CHX vs. control in the baseline, immediate bond
strength values), 16 etch-and-rinse studies were included,
representing 28 datasets considered. There was no statisti-
cally significant difference between groups (Z-test=1.26,
p=0.21), and there was considerable heterogeneity
(P =54%). Eight self-etching studies were included, with
11 datasets considered. There was no significant difference
between groups (Z-test =0.76, p = 0.45), and there was mod-
erate heterogeneity (I = 35%). Overall (self-etching and etch-
and-rinse), there was no statistically significant difference
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Abbreviations: ACR, acrolein; AE, alcohol extract; APE, aqueous propolis extract; BAI, baicalein; BAC, benzalkonium chloride; CA, caffeic acid; CS, chitosan; CHX, chlorhexidine; DCC, N,N’-dicyclohexylcarbo-

No.

diimide; DMA, dopamine methacrylamide; EDC, carbodiimide; EGCG, epigallocatechin gallate; EPE, ethanolic propolis extract; FeSOy, ferrous sulfate; GD, 5% glutaraldehyde; GT, green tea; HES, hesperidin; MA,
Morus alba leaves; MAP, mussel adhesive protein; MN, Morus nigra leaves; NAR, naringin; PAC, proanthocyanidin; PVPA, polyvinylphosphonic acid; QUE, guercetin; RA, rosmarinic acid; Res, resveratrol; RIBO,

riboflavin; RUT, rutin; SDF, silver diamine fluoride; WE, water extract.

4/2023 © 2022. The Author(s).

between groups (Z-test=1.51, p=0.13), with moderate
heterogeneity observed between subgroups
(P =49%; ~Fig. 2A).

The second analysis (2% CHX vs. control at 6 months of
ageing) included 14 etch-and-rinse studies, representing 25
datasets. There was overall a higher bond strength for the
experimental group compared with controls, but this was
not statistically significant (Z-test 1.81, p=0.07) and het-
erogeneity was considerable (I°=88%). Six self-etching
studies were included, with nine datasets considered. There
was no statistically significant difference between groups
(Z-test=0.86, p=0.39), and again there was considerable
heterogeneity (F=73%). Tests for overall effect showed
significantly higher bond strength in the experimental
group compared with controls (Z-test=2.33, p=0.02),
with considerable heterogeneity between subgroups
(P =86%; =Fig. 2B).

The third analysis (2% CHX vs. control at 12 months of
ageing) included five etch-and-rinse studies with seven
datasets. There were overall higher bond strength values in
the experimental group compared with the control group.
but this was not statistically significant (Z-test=1.09,
p=0.28) and heterogeneity was considerable (F=91%).
For self-etching, three studies were included with four data-
sets considered, and there was no statistically significant
difference between groups (Z-test=0.18, p=0.86) but with
considerable heterogeneity (F* = 84%). Tests for overall effect
favored the experimental group over the control group but
without statistical significance (Z-test=1.66, p=0.10) and
with considerable heterogeneity between subgroups
(P =90%; ~Fig. 2C).

For the fourth analysis (0.3 EDC vs. control at baseline),
only etch-and-rinse studies met the inclusion criteria. Three
studies were included, representing six datasets. Overall, the
effect was not statistically significant (Z-test=0.33,
p=0.74). Heterogeneity between groups was low
(P =0%; ~Fig. 3A).

For the fifth analysis (0.3 EDC vs. control at 12 months),
again, three etch-and-rinse studies representing six datasets
were included. Overall, there were significantly higher bond
strength values in the experimental group compared with
the control group (Z-test =2.58, p=0.01) but with consider-
able heterogenicity (I> = 66%; ~Fig. 3B).

For the sixth analysis (0.1% RIBO vs. control at baseline),
only two etch-and-rinse studies met the criteria, represent-
ing three datasets. There was overall a significant difference
favoring the experimental group over the control group (Z-
test=3.12, p=0.002), with considerable heterogeneity
(P =99%; ~Fig. 4A).

For the seventh analysis (0.1% RIBO vs. control at 6
months), two studies representing three datasets showed
significantly higher bond strengths in the experimental
group than the control group (Z-test=5.78, p <0.00001)
but with considerable heterogeneity I = 98% (~Fig. 4B).

For the eighth analysis of pretreatment for 30 seconds (2%
CHX vs. control at baseline), only four etch-and-rinse studies
were included, representing seven datasets. There was over-
all a statistically significant difference favoring the control
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A

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean _ SD Total Mean _ SD Total Weight IV, Random, 95% Cl IV. Random. 95% CI
1.1.1 Etch and Rinse
Carvalho etal 2016 233 6 10 243 86 10 27% -1.00 750, 5.50] e
Czech etal 2019 1464 774 10 2343 773 10 26% -8.79[1557,-201] ==
Fialho etal, 2019 3333 1126 4 3581 825 4 09% -24816.16,11.20) =
Gerhardt etal 2016 1331 336 4 864 552 4 28% 467[166,11.00 =
Giacomini etal 2017 2836 588 10 3532 53 10 36% -6.96[-1187,-205] o
Giacomini etal 2017 2253 476 10 2985 477 10 40% -7.32[-11.50,-3.14) -
Giacomini etal 2017 1831 35 10 2342 495 10 43% -511[887,-1.35) = |
Giacomini et al 2020 2841 764 6 3335 9 6 17% -49411439,451) =T
Lenzietal 2014 251 4 5 243 38 5 36% 080 [4.04,564] T
Lenzietal 2014 328 38 5 307 22 5 42% 2101.75,5.95) a
Loguercio et al 2009 331 65 5 283 43 5 26% 480[203,1163) i
Loguercio et al 2009 412 42 5 415 64 5 26% -0.307.01,6.41] b
Loguercio et al 2008 435 a1 5 392 54 5 30% 430[164,1024) =
Loguercio et al 2009 N3 s 5 324 54 5 27% -1.10[761,541) "
Manso etal, 2014 4696 36 2 5107 36 2 25% -411[(1117,295) -
Manso etal, 2014 5467 36 2 5941 36 2 25% -4.74[1180,232) |
Manso etal, 2014 4005 54 2 4951 54 2 14% -9.46[-2004,112) ==
Manso etal, 2014 5337 54 2 4967 2 14%  370[-688,1428] b
Ouetal 2018 4214 883 20 4718 1169 20 28% -504[1146,138) s
Ruksaphon Ketal 2017 3842 804 15 396 75 15 32% -1.18[6.74,4.38] -
Ruksaphon K et al 2017 3846 782 15 3727 845 15 30% 1.191-464,7.02) = .
Sabatini etal 2014 383 103 5 343 78 5 13% 400(7.32,1532) i v
Santiago etal,, 2013 3468 73 6 3417 775 6 20% 0.51-8.01,9.03] 2
Shen et al, 2020 3743 529 10 33 395 10 41% 443(034,852) aad
Stanislawczuk et al 2009 219 47 7 2 97 7 21% -0.10[-8.08, 7.88) =
Stanislawczuk et al 2009 31 31 7 272 61 7 35% 39011.17,8.97) =
Tekee etal 2016 4522 632 5 4333 341 5 28% 189-440,818) o
Tekee etal 2016 3892 401 5 4381 361 5 37% -4891-962,-0.16)
Subtotal (95% CI) 197 7 77.5%  -1.10[-2.81,0.61]

Heterogeneity. Tau*= 10,62, Chi*= 58.52, df = 27 (p= 0.0004), /*= 54%
Testfor overall effect Z=1.26 (p=0.21)

1.1.2 Self Etch

Balloni et al, 2016 1924 1189 6 1197 995 6 11%  7.27(514,1968 T—
Bueno et al. 2015 8 84 5 242 72 5 16%  3800590,1350] i
Campos et al, 2019 1984 811 5 2489 944 5 14% -505[1595,586) —
de Avaijo Costaa etal,2019 4087 1023 6 5225 847 6 14% -11.38[2201,-075] —
deAvaijo Costaaetal,2019 483 042 6 5952 591 6 18% -10.22[19.12,-132) =]
Femandes et al 2020 4416 681 10 4085 651 10 30%  351233,939) —
Giacomini et al, 2020 3366 779 6 3162 82 6 18% 204(7.01,1109) -+
Giacomini et al 2020 37.47 1068 6 4562 1239 6 10% -815[-21.24,499) —
Grandizoli et al, 2018 217 163 5 183 119 5 06% 240}1529,2009) —
Sacramento et al, 2012 146 365 51624 271 5 41%  -154[662,234) 4
Sacramento et al. 2012 1239 237 51228 291 5 48%  011[318340) T
Subtotal (95% CI) 65 65 22.5% -1.12[-4.01,1.78) 4
Heterogeneity: Tau* = 7.19; Chi*= 15.46, df=10 (p= 0.12); = 35%
Test for overall effect Z=0.76 (0 = 0.45)
Total (95% C1) 262 262 1000%  1.12[257,0.34)
Haerogenety. Tav'= 420, = 410,038 (= 0 0004) = 4% b ks % =
estfor overalleffect Z= 151 (p= 0.13)
Testfor subaroup diferences: Chi*= 0.00, df=1 (= 0.99), = 0% Eavoucs (Congrol Ty (Epaiimenay
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
121 Etch & Rinse
Carvalho et a,2016 23 72 10 26 64 10 30%  1400457,7.37) T
Caschetal, 2013 112 479 10 1628 058 10 28% -508[1172,156) —
Gerhardt et a1, 2016 111 498 4 1689 72 4 23% -55001417,209) —t
Giacomini etal, 2017 165 389 10 2745 533 10 36% -10.95}1504,-6.86) -
Giacomini etal, 2017 2013 4862 10 261 5 10 36% -5.97[10.19,-1.75) -~
Giacomini etal 2017 165 39 10 2028 355 10 38% -37817.05,-051) -
Giacomini etal, 2020 3155 615 6 3259 944 6 22% -1.04}1005,797) —+
Lenzietal, 2014 232 52 5 143 58 5 28%  890[207,1573) —
Lenzi etal, 2014 313 26 5 242 36 5 37%  7.10[321,1099) ~
Loguercio et al 2009 2723 42 5 201 42 5 33%  7.20[199,1241) s
Loguercio et al 2009 376 33 5 254 41 5 35% 1220[759,1681) -
Loguercio et al2009 401 57 5 278 62 5 26% 1220[482,1958) -
Loguercio et al, 2009 281 44 5 212 38 5 33%  690[180,1200 -~
Manso etal, 2014 5747 54 2 4455 54 2 19% 1291[233,2349) —
Manso etal, 2014 5069 36 25713 36 2 27% -6.44[1350,062) ]
Manso etal, 2014 5217 36 2 5641 38 2 27% -42411130,282) —
Manso etal, 2014 378 54 2 421 54 2 19% -532(1500,526) —
Ouetal 2018 4183 1552 20 3006 088 20 24%  277[529,1083) T
RuksaphonKetal, 2017 2933 686 15 2646 639 15 34%  287}180,7.54 -
RuksaphonKetal, 2017 3283 682 15 3054 805 15 32% 2201305763 1=
Sabatii etal, 2014 383 52 5 274 62 5 27%  6001019,1399) =
Santiago etal, 2013 3162 578 6 2767 698 6 27%  3950330,11.20) %
Shen etal, 2020 3331 328 10 2636 4 10 39%  495(174,816) -
Stanislawczuk et a1, 2009 234 21 7 148 31 7 40%  880(603,1157) -
Stanislawczuk et al, 2009 31 26 7 204 21 7 40% 1070[822,1318) -
Subotal (95% C1) 183 183 759%  264[0.21,549] .

Heterogeneity. Tau®= 4312, Chi*= 192,95, df= 24 (p < 0.00001); = 88%
Test for overall effect Z=1.81 (p=0.07)

1.2.2 Self Etch

Balloni et al 2016 1267 743 6 122 5 6 27% 1145(4.28,1862)

Bueno etal 2015 334 93 5 28 73 5 19% 11.60[1.24,21.96] =
de Aradjo Costaa etal 2019 3277 1067 6 4764 1167 6 15% -14.87[-2752,-222) -

de Aradjo Costaaetal 2019 3691 988 6 4516 1187 6 15% -825(2061,411) —
Giacomini et al 2020 3379 624 6 32 7 6 26% 1.791-6.71,9.29] e
Giacomini et al 2020 3425 N2 6 4015 1477 6 12% -590(-2074,894) —
Grandizoli et al 2018 19 18 5 28 12 5 41% -0.60 [-2.50,1.30]

Sacramento et al 2012 288 13 5 295 077 5 42% -0.07 [-1.39,1.25]

Sacramento et al 2012 31 1 5 11 06 5 43% 1.99(0.97,3.01) L
Subtotal (95% Cl) 50 50 241%  0.99[1.28,3.27]

Heterogeneity. Tau®= 4.95, Chi*= 30.10, df= 8 (p = 0.0002), /*= 73%
Test for overall effect Z= 0.86 (0 = 0.39)

Total (95% CI) 233 233 1000%  227(0.36,4.18] "

Hestogeney: Tau'= 220, ChF = 37, df =33, < 00001 = 85% TR T % o0

Testfor overall effect Z= 2.3 (P = 0.02)

Testfor subaroup diferences: Chi*= 0.78, df=1 (o= 0.38),/°= 0% Evours (Conrol Fapus (spedmen s
C Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean  SD Total Mean _ SD Total Weight IV,Random,95%Cl IV, Random, 95% CI

131 Etch & Rinse

Czech etal, 2019 1017 302 10 1491 692 10 117% -474}9.42,-0.06] -

Fialho etal., 2019 1998 7 4 2617 1228 4 33% -619[-20.04,7.66] —_—

Ouetal,2018 3992 161 20 3582 1914 20 48% 410[6.86,1506] -

RuksaphonKetal, 2017 2782 1154 15 391 92 15 7.8% 23.91(16.44,3138] -

Ruksaphon Ketal 2017 2285 1172 15 31 822 15 81% 1975(1251,2699] -

Tekee etal, 2016 4119 398 5 3767 34 5 119%  3520107,811) -

Tekee etal, 2016 3137 597 5 3854 619 5 77% -7A701471,037) —

Subtotal (95% CI) 74 74 55.3% 498[4.01,13.97) >

Heterogeneity: Tau" = 129,36, Chi*= 69.41, df= 6 (9 < 0.00001),F= 81%

Testfor overall effect Z= 1.09 (0 = 0.28)

1.3.2 Self Etch

Campos etal 2019 1750 885 5 283 1154 5  38% -10.71[}2345,204) —

Femandesetal 2020 3358 1049 10 3385 927 10 65%  -0.27[895841] -+

Sacramentoetal,2012 234 076 5 111 06 5 172%  123(0.38,208]

Sacramentoetal.2012 136 022 5 234 076 5 17.2% -098[167,-029]

Subtotal (95% CI) 2 25 447%  019[2.29,1.92)

Heterogenelty: Tau"= 2.35; Chi*= 18.28, df= 3 (= 0.0004),°= 84%

Test for overall effect Z=0.18 (p = 0.86)

Total (95% CI) % 99 1000%  2.37[043,5.18] .

Heterogeneity: Tau*= 11,75, Chi*= 97.30, df= 10 (p < 0.00001), = 0% 5o

Testfor overall effect Z=1.66 (p=0.10)

-50 50 101
Favours [Control] Favours [experimental]
Testfor subaroup diflerences: Chi*= 120, df= 1 (p= 0.27),/*= 16.9% i e ;

Fig.2 Forest plots according to MMP inhibitor type. 2% CHX vs. control at 24 hours (A), 6 months (B), and 12 months (C). CHX, chlorhexidine; Cl,
confidence interval; MMP, matrix metalloproteinase; SD, standard deviation.
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Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Mazzon etal., 2013 445 98 5 433 94 5 6.2% 1.20[10.70,13.10] -t

Mazzon etal.,2013 388 98 5 405 103 5 57% -1.70[-14.16,10.76] =

Mazzon et al.,2018 35 71 20 376 59 20 54.0% -1.10[5.15, 2.99]

Paulose et al. 2018 397 53 5 369 87 5 111% 280[6.13,11.73]

Paulose etal 2018 336 61 5 336 6.1 5 155% 0.00 [-7.56, 7.56]

Paulose et al 2018 407 93 5 432 81 5 76% -250[13.31,8.31)]

Total (95% ClI) 45 45 100.0%  -0.49[-3.47,2.48]

Heterogeneity: Tau®= 0.00; Chi*= 0.87, df=5 (p=0.97), F= 0% 5_1 00 -EfEl o 550 1005

Testfor overall effect: 2= 0.33 (p=0.74) Favours [control] Favours [experimental]
B Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI

Mazzon et al., 2013 325 96 5 248 88 5 11.2% 7.70[3.72,19.12] T

Mazzon etal. 2013 41.2 101 5 331 789 5 11.4% B8.10[3.14,19.34) T

Mazzon et al. 2018 286 64 20 181 49 20 244% 1050([6.97,14.03] -+

Paulose etal, 2018 308 74 5 223 73 5 143% 8.50[0.61,17.61) i

Paulose etal 2018 267 49 5 188 59 5 18.4% 7.90[1.18,14.62) =

Paulose etal, 2018 11.2 46 5 137 46 5 203% -250[-8.20,3.20) -

Total (95% CI) 45 45 100.0%  6.51[1.57,11.44] &

Heterogeneity: Tau?= 22.75; Chi*= 14.62, df= 5 (p= 0.01); F= 66% 5_1 00 _590 b 590 100’

Test for overall effect: Z=2.58 (p=0.010)

Fig. 3 Forest plots according to MMP inhibitor type. 0.3 M EDC vs. co
carbodiimide; MMP, matrix metalloproteinase; SD, standard deviation.

Favours [control] Favours [experimental]

ntrol at 24 hours (A) and 12 months (B). Cl, confidence interval; EDC,

A
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Cova etal.,2011 444 104 10 373 103 10 288% 7.10[1.97,16.17] ™
Venigalla etal. 2016 469 217 10 318 151 10 355% 15.10[13.46,16.74] a
Venigalla etal 2016 521 0.46 10 24 143 10 357% 28.10[27.17,29.03] u
Total (95% CI) 30 30 100.0% 17.44[6.48, 28.40] <
Heterogeneity: Tau®= 87.33; Chi*= 197.51, df= 2 (p < 0.00001); /7= 99% I + t i
S _ -100 -50 0 50 100
Testfor overall effect =312 (0 =0.002) Favours [control] Favours [experimental]
B Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Cova etal 2011 356 11.2 10 22 7 10 21.8% 1360([5.41,21.79) -
Venigalla etal. 2016 451 15 10 24 1.43 10 38.7% 21.10[19.82, 22.38] a
Venigalla etal. 2016 51.8 0.32 10 374 058 10 394% 14.40[13.99,14.81] =
Total (95% CI) 30 30 100.0% 16.82[11.11,22.53] L 2
Heterogeneity: Tau®= 21.47, Chi*= 94.95, df= 2 (p = 0.00001), 7= 98% T e b 5 100

Testfor overall effect: Z=5.78 (p < 0.00001)

Favours [control] Favours [experimental]

Fig.4 Forest plots according to MMP inhibitor type: 0.1% RIBO vs. control at 24 hours (A) and 6 months (B). Cl, confidence interval; MMP, matrix

metalloproteinase; RIBO, riboflavin; SD, standard deviation.

group over the experimental group (Z=2.42, p=0.02), and
heterogeneity was low (I =0%; =Fig. 5A).

For the ninth analysis of pretreatment for 30 seconds (2%
CHX vs. control at 6 months), only three etch-and-rinse
studies met the criteria, representing six datasets. There
was overall no statistically significant difference between
groups (Z=0.28, p=0.78), and heterogeneity was consider-
able (I =55%; =Fig. 5B).

For the 10th analysis of pretreatment for 60 seconds (2%
CHX vs. control at baseline), 14 etch-and-rinse studies were
included, representing 19 datasets. There was overall no
statistically significant difference between groups (Z-test
=0.07, p=0.95), but there was considerable heterogeneity
between groups (I = 63%). For self-etching, six studies were

European Journal of Dentistry  Vol. 17 No. 4/2023 © 2022. The Author(s).

included with six datasets. Again, there was no statistically
significant  difference between groups (Z-test=0.01,
p=0.89) and moderate heterogeneity (F°=41%). Tests for
overall effect showed no statistically significant difference
between groups (Z-test=0.01, p=0.99) and considerable
heterogeneity between subgroups (I =58%; ~Fig. 6A).

For the 11th and final analysis of pretreatment for 60 sec-
onds (2% CHX vs. control at 6 months), 11 etch-and-rinse
studies were included, representing 16 datasets. Overall, the
experimental group was slightly, but not significantly, fa-
vored over the control group (Z-test=1.73, p=0.08), with
considerable heterogeneity (I = 91%). Five self-etching stud-
ies were included representing five datasets. Overall, the
experimental group was slightly, but not significantly,
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A Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Breschietal 2010 412 96 8 408 8.7 8 11.7% 0.40 [-8.58, 9.38) = il
Giacominietal 2020 2841 7.64 6 3335 9 6 106% -4.94[14.39 451] .3
Mansoetal, 2014 5467 36 2 5941 36 2 19.0% -474[11.80,232) T
Manso etal, 2014 4005 54 2 4951 54 2 B84% -9.46[-2004,112) =
Mansoetal, 2014 5337 54 2 4967 54 2  B84% 3.70[6.88, 14.28) o L
Manso etal, 2014 4696 36 2 51.07 36 2 19.0% -4.11[11.17,2.95] .
Ouetal 2018 4214 8.83 20 4718 11.69 20 229% -5.04[-11.46,1.38] —
Total (95% CI) 42 42 100.0% -3.79[-6.87,-0.72] ¢
Heterogeneity: Tau®= 0.00; Chi*= 4.14, df= 6 (p= 0.66); F= 0% I t t {
Py - -100 -50 0 50 100
Testfor overall effect. 2= 2.42 (p=0.02) Favours [control] Favours [experimental]
B

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Giacominietal 2020 3155 6.15 6 3259 944 6 16.0% -1.04 [10.05,7.97] -
Manso etal, 2014 36.78 54 2 421 54 2 135% -532[15.90, 5.26] Y
Manso etal,, 2014 57.47 54 2 4456 54 2 135% 12.91[2.33,23.49) ——
Manso etal,, 2014 50.69 36 2 5713 36 2 196% -6.44[13.50 062 -]
Manso etal., 2014 5217 36 2 5641 36 2 19.6% -4.24[11.30, 2.82) TRE
Ouetal, 2018 41.83 1552 20 39.06 9.88 20 17.7%  2.77[5.29,10.83] >
Total (95% CI) 34 34 100.0% -0.75[-5.95,4.46] ?
Heterogeneity: Tau®= 22.96; Chi*=11.16, df=5 {(p=0.05); F= 55% Hoo 20 o 50 100

Test for overall effect: Z=0.28 (p=0.78)

Favours [control] Favours [experimental]

Fig. 5 Forest plots according to pretreatment duration for 30 seconds: pretreatment with 2% CHX vs. control group at 24 hours (A) and
6 months (B). CHX, chlorhexidine; Cl, confidence interval; SD, standard deviation.

favored over the control group (Z-test=1.22, p=0.22), with
considerable heterogeneity (I°=83%). The tests for overall
effect favored the experimental group but this was not
statistically significant (Z-test =2.35, p=0.73). Heterogene-
ity between subgroups was considerable (I> = 90%; ~Fig. 6B).

Discussion

This meta-analysis revealed that at least some MMP inhib-
itors significantly alter bond strength, both immediately and
over the longer term. Accordingly, the null hypothesis was
rejected.

Of all MMP inhibitors considered for meta-analysis, two
MMP inhibitors improved bond strength: 0.3 M EDCand 0.1%
RIBO. The 0.3 M EDC did not improve bond strength imme-
diately (24hours) but showed benefit after ageing for
12 months, while 0.1% RIBO showed statistically significant
increases in bond strength both immediately (24 hours) and
over the long term (6 months) compared with controls.
Conversely, 2% CHX showed a slight but nonsignificant
improvement in bond strength after 6 months of ageing
but not immediately (24 hours) or after 12 months. The lack
of immediate benefit with 2% CHX is consistent with two
previous meta-analyses,?®8% but the long-term results differ,
possibly due to the different concentration of CHX used in
previous studies. It has been suggested but not consistently
proven that MMP inhibition by CHX is dose dependent.?®° It
is worth noting that, of the few clinical trials evaluating
pretreatment with CHX, no improvement in bond strength
was observed over time.’>~7 With respect to adhesive
systems, a previous systematic review?® found that both
types of adhesive system (self-etching and etch and rinse)
benefited from 2% CHX in vitro. This, however, was also not

consistent with the current meta-analysis results, since we
found no significant difference according to the adhesive
system used.

EDC and RIBO have a different mechanism of MMP
inhibition to CHX through their cross-linking action. Gener-
ally, collagen cross-linkers protect collagen fibrils from fur-
ther degradation by enhancing both the chemical and
mechanical properties of collagen.gg‘100 These additional
functions could explain their superiority in maintaining
adhesive interface integrity.

Pretreatments of 30 and 60 seconds with 2% CHX met the
inclusion criteria for meta-analysis. Generally, neither pre-
treatment protocol significantly improved bond strength ei-
ther immediately (24 hours) or over the long term (6 months).
Indeed, when 2% CHX was applied for 30 seconds, there was a
significant negative effect on bond strength over 24 hours.
After 6 months of aging, there was a slight improvement in
bond strength, still favoring the control group. With pretreat-
ments of 60seconds, 2% CHX showed no effect on bond
strength and was similar to controls and, while slightly
improved bond strength was observed with CHX after
6 months, it was nevertheless not statistically significant.

Our results show some inconsistencies with previous
systematic reviews which might be due to differences in
the inclusion criteria. For example, Montagner et al?® and
Kiuru et al®® included different concentrations of CHX other
than 2%, as well as various bond strength tests other than
microtensile bond strength testing.

Limitations

There are a few limitations to our study. This review only
included in vitro studies since there have been very few in

European Journal of Dentistry ~ Vol. 17 No. 4/2023 © 2022. The Author(s).
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Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Etch and Rinse
Carvalho et al, 2016 233 6 10 243 86 10 4.2% -1.00[-7.50, 5.50] ==
Czech etal 2019 1464 7.74 10 2343 7.73 10  4.0% -8.79[15.57,-2.01] =
Fernandes et al. 2020 4416 6.81 10 4065 6.51 10  46% 3.51[2.33,9.39) - i
Fialho etal., 2019 3333 11.26 4 3581 825 4 16% -248[16.16,11.20] -
Gerhardtetal 2016 1331 336 4 864 552 4 43% 4.67 [-1.66,11.00] )
Giacomini etal,2017 2836 588 10 3532 53 10 52% -6.96[11.87,-2.05) =
Giacomini etal 2017 2253 476 10 2985 438 10  57% -7.32[11.51,-313] g
Giacomini etal.,2017 18.31 35 10 2342 5 10  6.0%  -5.11[-8.89,-1.33] =
Lenzietal,2014 328 38 5 307 22 5 59% 2.10[1.75,5.95) s
Loguercio et al,, 2009 331 6.5 5 283 43 5 4.0% 4.80[-2.03,11.63] =
Loguercio et al., 2009 31.3 5.1 5 324 54 5 41% -1.10[-7.61,5.41] ==
Loguercio et al., 2009 435 41 5 392 54 5 45% 4.30[-1.64,10.24] =
Loguercio et al., 2009 41.2 42 5 415 64 5 40% -0.30[-7.01,6.41) =l
Ruksaphon K etal, 2017 383 103 5 343 78 5 21% 4.00[7.32,15.32] T
Sacramento et al., 2012 34.68 7.3 6 3417 775 6 31% 0.51 [-8.01,9.03] R
Santiago et al, 2013 3743 529 10 33 395 10 58% 4.43(0.34,852] il
Shenetal 2020 219 47 7 22 97 7 34% -0.10[-8.08, 7.89] =5
Stanislawczuk et al., 2009 311 31 7 272 641 7 51% 3.90[1.17,8.97]
Tekee etal 2016 4522 6.32 5 4333 341 5 43% 1.89-4.40,8.18] 3
Subtotal (95% CI) 133 133 81.7% -0.08 [-2.32, 2.16] 4
Heterogeneity: Tau®= 14.56; Chi*= 49.04, df=18 (p=0.0001); F=63%
Test for overall effect: Z=0.07 {p=0.95)
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Fig. 6 Forest plots according to pretreatment duration for 60 seconds: pretreatment with 2% CHX vs. control group at 24 hours (A) and

6 months (B). CHX, chlorhexidine; Cl, confidence interval; SD, standard deviation..
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vivo studies or clinical trials in the literature. More in vivo
studies will ultimately be crucial for providing high-quality
evidence of the safety, toxicity, and efficacy of a given
intervention in a complex model. Furthermore, although
strict measures were taken during the search of the articles
included for meta-analysis, several data demonstrated high
heterogeneity. It is worth mentioning that most of the results
with high heterogeneity were observed in the long-term
ageing periods, unlike the immediate ageing periods which
showed lower heterogeneity. Factors that could influence
this may include the different brands of adhesive systems
used and the ageing methods utilized. Similar findings were
observed in the study by Montagner et al?® which found that
the aging methods were the greater influencing factor in the
high heterogeneity. It is also worth noting that there are no
standardized protocols for evaluating bond strength which
previously shown will inevitably increase the heterogeneity
of results '°7. To improve the reliability and quality of future
bond strength testing studies, robust and strict guidelines for
laboratory testing must be developed and implemented.

Many of the studies carried a risk of bias, and only one study
mentioned blinding of the operator testing the bond strength;
this parameter will be important to include in future studies to
reduce the risk of bias. Moreover, only six studies calculated
the sample size and reported a power analysis.

Nevertheless, these in vitro findings pave the way for
rationale clinical trialing of dentine surface pretreatment
with MMP inhibitors to improve clinical outcomes.

Conclusion

The data suggest that using 2% CHX had no significant
positive effect on bond strength either immediately or over
the longer term. Pretreatments with 2% CHX for either 30 or
60 seconds do not improve the bond strength. Both 0.3 M EDC
and 0.1% RIBO improve bond strength immediately and over
time. There was considerable heterogeneity between the
different adhesive systems used, limiting our meta-analysis.
Given the limited clinical evidence available, more research
is required to confirm the beneficial use of MMP inhibitors.
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