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Abstract
Objectives—While screening the activity of potential inhibitors of matrix metalloproteinases
(MMPs), due to the limited water solubility of some of the compounds, they had to be solubilized
in ethanol. When ethanol solvent controls were run, they were found to partially inhibit MMPs.
Thus, the purpose of this study was to compare the MMP-inhibitory activity of a series of
alcohols.

Methods—The possible inhibitory activity of a series of alcohols was measured against soluble
rhMMP-9 and insoluble matrix-bound endogenous MMPs of dentin in completely demineralized
dentin. Increasing concentrations (0.17, 0.86, 1.71 and 4.28 moles/L) of a homologous series of
alcohols (i.e. methanol, ethanol, propanols, butanols, pentanols, hexanols, the ethanol ester of
methacrylic acid, heptanols and octanol) were compared to ethanediol, and propanediol by
regression analysis to calculate the molar concentration required to inhibit MMPs by 50% (i.e. the
IC50).

Results—Using two different MMP models, alcohols were shown to inhibit rhMMP-9 and the
endogenous proteases of dentin matrix in a dose-dependent manner. The degree of MMP
inhibition by alcohols increased with chain length up to 4 methylene groups. Based on the molar
concentration required to inhibit rhMMP-9 fifty percent, 2-hydroxyethylmethacrylate (HEMA), 3-
hexanol, 3-heptanol and 1-octanol gave the strongest inhibition.

Significance—The results indicate that alcohols with 4 methylene groups inhibit MMPs more
effectively than methanol or ethanol. MMP inhibition was inversely related to the Hoy's solubility
parameter for hydrogen bonding forces of the alcohols (i.e. to their hydrophilicity).

© 2004 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
*Corresponding Author: David H. Pashley, DMD, PhD, Department of Oral Biology, School of Dentistry, Medical of Georgia,
Augusta, Georgia, 30912-1129, USA, Tel: (706) 721-2031, Fax: (706) 721-6252, dpashley@mail.mcg.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Dent Mater. Author manuscript; available in PMC 2012 September 1.

Published in final edited form as:
Dent Mater. 2011 September ; 27(9): 926–933. doi:10.1016/j.dental.2011.05.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
dentin matrix; MMPs; alcohol; HEMA; collagen

1. Introduction
Dentin matrix metalloproteinases (MMPs) are host-derived proteolytic enzymes bound to
the matrix. The MMPs have been detected in hard and soft tissues during tooth development
[1-3]. However, after development, the dentin matrix mineralizes, causing dentin collagen to
become very stiff. All noncollagenous proteins bound to collagen, including MMPs, also
become covered with apatitic nanocrystals making them immobile and nonfunctional.
Mineralized dentin is stable structurally and functionally as long as it remains mineralized
[4,5].

During adhesive bonding, dentin is acid-etched to remove the smear layer and to
demineralize the relatively impermeable dentin matrix to a depth of 1-8 μm to expose the
collagen fibrils of the matrix. These 100 nm diameter fibrils remain anchored to and
continuous with the underlying mineralized dentin. During bonding, solvated liquid
monomers flow around the demineralized collagen fibrils and envelop them with
comonomers that are then polymerized. This mixture of resin and insoluble collagen fibrils
is called the hybrid layer [6]. It is a type of in situ tissue engineering in that it completely
transforms the physicochemical nature of the surface from a wet hydrophilic crystalline
surface to a more hydrophobic polymer surface that allows adhesion to resin composites.
Unfortunately, acid-etching also uncovers and activates matrix-bound MMPs [7-10]. These
MMPs seem to remain active even after resin-infiltration [8,11-15]. As hydrolases, these
enzymes add water across specific collagen peptide bonds, splitting peptide chains into
fragments. If there is no water in the hybrid layer, the MMPs are inactive. For instance,
incubation of resin-dentin bonds in oil instead of water allows those bonds to remain stable
over time [4,5]. Resin-dentin bonds incubated in water show progressively lower bond
strengths over 3-12 months [16-19]. Transmission electron microscopy of hybrid layers in
specimens exhibiting progressive decreases in bond strength, reveal loss of cross-banded
collagen fibrils in the hybrid layer [19-23]. We speculated that endogenous MMPs in hybrid
layers are responsible for the degradation of bond strengths and that this might be prevented
using chlorhexidine, an antimicrobial agent also known to inhibit MMP-2, 8 and 9 [24]. The
success of 2% chlorhexidine at preserving hybrid layers in vivo was shown by Hebling et al.
[20], Carrilho et al. [21], Brackett et al. [22,23] and Loguercio et al. [25]. They used 2%
chlorhexidine digluconate in water. To avoid incorporating water into the hybrid layer, we
screened alcoholic solutions of chlorhexidine diacetate for their ability to inhibit the
endogenous MMPs of dentin matrix. When alcohol controls were run, we were surprised to
find that alcohols inhibited the endogenous collagenolytic activity of dentin matrices (see
results in this study).

To evaluate this phenomenon more thoroughly, a series of alcohols were used (methanol,
ethanol, propanol, butanol, pentanol, hexanol, heptanol and octanol) to inhibit soluble
rhMMP-9 and insoluble matrix-bound MMPs. The purpose of this study was to test the null
hypotheses that there are no differences among various alcohols in their ability to inhibit
MMPs, and that there are no differences in alcohol inhibition of MMPs regardless of their
hydrophilicity.
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2. Materials and methods
2.1 Experimental design

Two tiers of screening were used to evaluate the inhibitory activity of alcohols on MMPs.
The first level of screening involved the use of a soluble recombinant human MMP-9
(rhMMP-9) in a colorimetric assay. The alcohols were diluted with distilled water to achieve
concentrations of 0.17, 0.86, 1.71 and 4.28 mole/L if they were sufficiently soluble in water
and did not cause precipitation of medium constituents. The second level of screening, used
matrix-bound endogenous MMPs of completely demineralized dentin over a 30 day
incubation. Both assays require the use of an incubation buffer containing calcium and zinc
ions that are necessary to maintain enzyme structure and function. Preliminary experiments
were done to determine the highest concentration of alcohols that could be achieved in the
assay buffer. Some of the higher molecular weight alcohols were not completely soluble in
the test buffers and could not be tested at all desired concentrations. Their highest soluble
concentrations are listed in the tables that summarize the results. Because the second level of
screening was labor-intensive and required 30 days, we only tested alcohols that reduced
rhMMP-9 activity by over 50% and that were compatible with the calcium-zinc containing
buffer. The alcohols that are listed are the highest concentrations that were completely
soluble in the assay buffer along with the percent inhibition obtained at those concentrations.
Lower concentrations of alcohols were then tested to permit calculation of the alcohol
concentrations required to inhibit rhMMP-9 by 50%. This permitted comparison of the
inhibitory potencies of each alcohol.

2.2 Use of soluble human recombinant MMP-9
This assay employed purified recombinant human MMP-9 (Cat#72009) and the Sensolyte
Generic MMP colorimetric assay kit (Cat#72095) from AnaSpec, Inc. (San Jose, CA, USA)
for screening anti-MMP activity of compounds of interest. The assay involves incubating a
constant concentration of rhMMP-9 with a proprietary chromogenic substrate. The latter is a
thiopeptolide that is cleaved by the MMPs and collagenases to release a sulfhydryl group.
The sulfhydryl group reacts with 5,5’-dithiobis(2-nitrobenzoic acid) to produce the colored
reaction product (2-nitro-5-thiobenzoic acid) which can be detected at 412 nm.

The thiopeptolide substrate solution was diluted to 0.2 mM with the supplied assay buffer in
a 1:50 volume ratio. The 92-kDa rhMMP-9 was activated with 10 μg/mL of trypsin at 37°C
for 2 h immediately before the experiment to generate its 68-kDa active form. The trypsin
was then inactivated with trypsin inhibitor. The assay was performed in a 96-well plate
using five replicate wells for each experimental and control variable. Each well in the
experimental groups (i.e. the various alcohol concentrations) contained 2 μL of rhMMP-9
(19.6 ng/well), X μL of the potential MMP inhibitor and 50-(2 + x) μL of the thiopeptolide
substrate solution. All wells also received 50 μL of substrate to give a total volume in each
well of 100 μL..

The control groups consisted of: 1) a positive control containing rhMMP-9 only without the
potential anti-MMP agent, 2) an inhibitor control containing rhMMP-9 and 10 μL of 20 μM
GM6001, a known MMP inhibitor supplied in the assay kit, 3) a test compound control
containing assay buffer and the potential anti-MMP agent, and 4) a substrate control
containing assay buffer. Additional assay buffer was added to bring the total volume of all
control wells to 50 μL prior to adding 50 μL of the thiopeptolide substrate solution to obtain
the 100 μL volume. The alcohol inhibitors were preincubated with the enzyme for 30 min to
prevent a burst of uninhibited enzyme activity that occurred if all of the reagents were mixed
together.
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The reagents were mixed completely by vibrating the plate gently for 30 sec and then read
kinetically every 10 min for 60 min and absorbance was measured at 412 nm using a 96-
well plate reader (Synergy HT, BioTek Instruments, Inc., Winooski, VT, USA).

Background absorbance was determined using the mean absorbance readings from the
“substrate control” wells and subtracted from the readings of other wells containing the
thiopeptolide substrate. The potencies of MMP-9 inhibition by the proprietary MMP
inhibitor GM6001 (“inhibitor control”), and the alcohol inhibitors were expressed as
percentages of the adjusted absorbance of the “positive control”, which was taken to be the
maximum absorbance.

2.3 Preparation of demineralized dentin beams
Forty extracted human third molars were obtained with patient (18-22 yr old) informed
consent under a protocol approved by the Human Assurance Committee of the Medical
College of Georgia. Ninety percent of the teeth had completely formed roots. None of the
teeth were carious. Half were impacted and half were erupted. The teeth were stored at 4°C
in 0.9% NaCl supplemented with 0.02% sodium azide to prevent bacterial growth and used
within three months after extraction. For each tooth, the enamel and superficial dentin were
removed by horizontal sectioning 1 mm below the deepest central fissure using a diamond-
coated copper disk (Isomet saw, Buehler Ltd., Lake Bluff, IL, USA) under water cooling. A
1 mm thick dentin disk consisting of mid-coronal dentin was prepared from each tooth. Two
5 × 2 × 1 mm dentin beams were prepared from the middle of each disk under water cooling
to obtain eighty beams.

Prior to demineralization, a dimple was made on the occlusal side of each beam at the end to
allow for repeated measurements to be performed on the same surface. The beams were
tumbled at 3 rpm in 10% phosphoric acid for 6 h at 25 °C to completely demineralize the
dentin. Absence of residual minerals was confirmed using digital radiography. The initial
modulus of elasticity of each demineralized dentin beam was determined using three-point
flexure (see below). The beams were distributed to seven experimental groups and one
control group (N = 10) so that the mean initial elastic modulus of each group was similar in
all groups.

2.4 Use of endogenous matrix-bound MMPs in beams of demineralized dentin
A recently developed assay [26] uses beams of human coronal dentin that are completely
demineralized. Using a miniature 3-point flexure fixture, the stiffness of the beams is
measured before and after demineralization. Mineralized dentin has a stiffness of about
17-18,000 MPa, while completely demineralized dentin has a stiffness of 2-3 MPa. The
control beams were separately incubated in a simplified medium containing 2.5 mM calcium
chloride, 0.05 mM ZnCl2, 5 mM HEPES buffer pH 7.4, 0.3 mM NaN3, and 150 mM NaCl,
pH 7.4. Many high molecular weight alcohols caused precipitations of more complex media
and could not be tested.

Experimental beams were incubated in the same medium that contained twice the
concentration of its constituents as the control group to permit dilution of the buffer by
potential inhibitors to the media. Additional water was then added to dilute the final
concentration of the medium to that of the control group. All beams were separately
incubated at 37°C in a shaking water bath (Precision Model 2873, Thermo Scientific,
Marietta, OH, USA) in 1 mL of media in polypropylene tubes with a rubber “O” ring in the
screw cap to prevent evaporation of water or inhibitors. The following variables were
measured: Decreases in dentin beam stiffness were measured by 3-point flexure at time 0
and 4 weeks using a Vitrodyne universal tester with a 1 N load cell on supports separated by
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2.5 mm at 10% strain while the beams were under water. Flexural modulus (E) was
calculated as:

As the ASTM D790-03 [27] standard for measuring the stiffness of polymeric beams is done
at low strains and requires that the beam thickness be no more than one-sixteenth the length
of the supported beam, our conditions violate those criteria and hence only provide an
appropriate stiffness value. However, the method is capable of accurately detecting
differences in stiffness between groups.

Loss of beam stiffness over time was used as an indirect measure of the hydrolysis of matrix
by endogenous MMPs. The loss of beam stiffness of experimental beams incubated with
potential inhibitors was compared to that of controls. After measuring the initial modulus of
elasticity, the beams were rinsed with water for 30 sec to remove all media salts. They were
then placed in sealed containers of anhydrous calcium sulfate (Drierite, W.A. Hammond
Drierite Company, Ltd., Xenia, OH, USA) overnight. The next day, the dry mass of each
beam was measured using a microanalytical balance to the nearest 0.01 mg. Pilot
experiments indicated that these procedures yielded constant dry masses. These dry masses
were measured on each beam at time 0 and 30 days. Each beam was rehydrated in water for
1 hr before being placed in its incubating medium. Previous work showed that this was
sufficient time for complete re-expansion of the dried beams [28]. Loss of dry mass over
time indicates solubilization of matrix by endogenous MMP activity because effective MMP
inhibitors prevent the loss of dry mass over time.

The third index of matrix degradation over time was obtained by measuring the amount of
collagen peptide fragments that were solubilized over 30 days of incubation. That is, each
beam was incubated in 1 mL of medium. Any collagen peptide fragments that accumulated
in the medium over 30 days could be quantitated by removing 400 μL of the 1 mL and
mixing it with an equal volume of concentrated HCl to yield a final acid concentration of 6
N HCl in glass ampoules (Wheaton, Millville, NJ, USA). These vials were automatically
sealed using an Ampulmatic Ampule Sealer (Bioscience, Inc., Allentown, PA, USA). The
contents were hydrolyzed to amino acids in an oil bath at 118°C for 18 hr. After cooling, the
glass vials were opened via prescored lines and placed in large glass dessicators containing
NaOH pellets to trap HCl vapor and anhydrous calcium sulfate to trap water vapor. After 3
days in the vacuum dessicators, the dry contents of the vials were analyzed for
hydroxyproline (HYP) using the colorimetric assay of Jamall et al. [29]. After color
development, the absorbance of all specimens and standards was measured at 558 nm in a
96-well plate reader.

Effective inhibitors lowered the concentration of hydroxyproline (HYP) in the medium
hydrolysate relative to that of controls which contained no inhibitors.

2.5 MMP inhibitors
All alcohols were purchased from Sigma Chemicals (St. Louis, MO, USA) and were used as
received. They included methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol,
tertbutanol, 2-hydroxyethylmethacrylate (HEMA), 1-pentanol, hexanols, heptanols,
octanols, 1,2-ethanediol, and 1,3-propanediol.
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2.6 Statistics
Plots were made of the degree of inhibition of rhMMP-9 by the highest soluble alcohol
concentrations to permit regression analysis to permit calculation of percent inhibition
versus the highest soluble alcohol concentration. Those alcohols that inhibited rhMMP-9 at
their highest solubility were then reanalyzed at lower concentrations (e.g. 1.71, 0.86 and
0.17 moles/L) to determine the dose-response relationship of that alcohol. Using those
regression equations, we calculated the highest soluble molar concentration of alcohols
required to inhibit MMPs by 50% and designated this as Inhibitory Concentration 50 (IC50).
This mathematical construct allows one to compare the same inhibitory activities of
inhibitors with variable solubilities. The measured changes in beam stiffness, loss of dry
mass and solubilization of collagen peptides were not normally distributed. As the normality
and homoscedasticity assumptions of the data appeared to be violated, the data were
expressed as least square means and the common standard error of the least square means.
Least square means are the expected values of group or subgroup means for a balanced
design involving the group variables with all covariates at their common mean values. Pair-
wise multiple comparisons were performed using the Tukey test. Statistical significance was
set at α = 0.05.

3. Results
The results of the alcohol inhibitors on soluble rhMMP-9 are shown in Table 1. Methanol
and ethanol showed relatively poor percent inhibition of rhMMP-9, compared to 1-propanol,
2-propanol, 1-butanol, 2-butanol or tert-butanol. The strong inhibitory activity of
hydroxyethylmethacrylate (HEMA) was unexcepted. Higher molecular alcohols were less
soluble and less inhibitory (Table 1). The diols were more inhibitory than the single
alcohols; 1,2-ethandiol was more inhibitory than ethanol. To compare the inhibitory
potential of alcohols, we compared their IC50 values. Lower IC50 values indicate higher
inhibitory potency. Since the IC50 for 1-propanol was 2.7 moles/L compared to IC50 of 19
moles/L for methanol and ethanol, 1-propanol was far more inhibitory than either methanol
or ethanol. The primary alcohol 1-propanol was more inhibitory than the secondary alcohol
2-propanol (Table 1). However, 2-butanol was more inhibitory than 1-butanol or tert-
butanol. When compared to ethanol, HEMA inhibited MMP-9 nineteen times more than did
the same concentration of ethanol (Table 1). As the molar concentration of 1-hexanol, and 3-
octanol were increased, their inhibitory activity fell rapidly indicating a nonlinear dose-
response. Thus, the IC50 values for these alcohols could not be calculated. As these alcohols
also caused precipitation of buffer components when they were mixed with the
demineralized dentin beam buffer medium, they could not be tested in that model system.

To determine the possible relationship between the hydrophilicity of the various alcohols
and their ability to inhibit rhMMP-9, the Hoy's solubility parameters for the alcohols were
calculated. These values are summarized in Table 2. Using the percent inhibition of
rhMMP-9 by 4.28 moles/L of the alcohols, the correlation coefficients of these inhibitions
were plotted against the Hoy's solubility parameters for hydrogen bonding forces (δh).
Figure 2 shows that the relationship was inverse. That is, the more hydrophilic the alcohol,
the lower was its ability to inhibit rhMMP-9 (Fig. 2). The correlation coefficient was -0.83
(p<0.025).

The alcohols at concentrations that inhibited rhMMP-9 by 50% or more were mixed with a
buffer containing 2.5 mM Ca, 0.05 mM Zn and 5 mM HEPES buffer (pH 7.4) to determine
if their continued presence in the incubation media for 30 days would inhibit the activity of
matrix-bound endogenous rhMMPs of dentin.
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When the inhibitory activity of the alcohols that inhibited rhMMP-9 50% or more (and did
not cause precipitation of media) was tested against the endogenous MMPs in beams of
demineralized dentin, we obtained a wide spectrum of inhibition that is summarized in Table
3.

When the effects of most inhibitory alcohols to rhMMP-9 were evaluated on the stiffness of
demineralized dentin beams (Fig. 1), the mean stiffness values of the five experimental
groups revealed no significant change over 30 days, except for the controls incubated in
buffer without any inhibitors. In that group, stiffness fell about 41% over 30 days (Fig. 1).
As the stiffness of the beams in the experimental (i.e. inhibited) groups were significantly
less than the control groups, the percent inhibition of the proteolytic activity of the beams
was calculated by subtracting the inhibited values after 30 days from the initial values,
divided by the initial stiffness value for that group times 100. This was also done for the loss
of dry mass (Table 3) and solubilization of collagen peptides (Table 3).

When loss of dry mass among the groups was compared (Table 3), the demineralized dentin
beams incubated in the control medium without any inhibitors lost about 21% of their dry
mass over 30 days. The results showed that 4.28 M 1-propanol, 2.3 M 2-butanol, 4.28 M
tertiary butanol, 4.28 M HEMA, 1.71 M HEMA, and 0.86 M HEMA all inhibited the
proteolytic activity of bound proteases, because the percent loss of dry mass was reduced
from 21% in controls to between 3-4%. This represented a 79-85% reduction in proteolytic
activity.

When the incubation media were hydrolyzed to amino acids and analyzed for
hydroxyproline, similar results were obtained (Table 3), which validated the use of dry mass
loss as an index of matrix degradation. The percent inhibition of total endogenous proteases
by alcohols was calculated by subtracting the alcohol-inhibited values from the uninhibited
controls (i.e. buffer control), divided by the control values times 100. These values varied
from 78.2% for 4.28 M 1-propanol to 98.7% for 4.28 M 1,3-propanediol.

4. Discussion
The results of this study show that many alcohols can inhibit both soluble rhMMPs and
matrix-bound MMPs. This result requires rejection of the test null hypothesis that there are
no differences among various alcohols in their ability to inhibit MMPs.

The molecular structures of the catalytic domains of MMP-2 and 9 are similar [30]. The
domain consists of a 5-stranded β-pleated sheet, with three α-helices and connective loops.
The protease domain contains one catalytic zinc, one structural zinc and three calcium ions.
The substrate-binding cleft is formed by strand IV, helix B, and the extended loop region
after helix B. Three histidines coordinate the active site zinc. The fourth ligand of the
catalytic zinc is a water molecule [31] that actually hydrolyzes the specific peptide bond.

We speculate that alcohols in general that can inhibit MMPs, by forming a coordinate
covalence bond between the catalytic zinc and the oxygen atom of the hydroxyl group of the
alcohol. However, hydroxyl containing compounds might inhibit MMPs via an allosteric
region [32]. We included HEMA in the series of alcohols because it is an ethanol-ester of
methacrylic acid. Our results showing rhMMP-9 inhibition by HEMA confirm the report of
Carlvaho et al. [33], but using entirely different methods and MMP-9 instead of MMP-2.
HEMA contains both hydrophobic and hydrophilic ends. The actual binding of these
alcohols to the MMPs seems to involve hydrophobic forces since the inhibitory activity of
alcohols is inversely related to their Hoy's solubility parameters for hydrogen bonding
forces. This is likely to be the mechanism of MMP inhibition at low to moderate alcohol
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concentrations. High alcohol concentrations may denature enzymes [34] by removing water
from the enzymes and causing their denaturation.

The presence of bound water prevents interpeptide hydrogen bonding within the peptide
chains of enzymes. Removal of that water allows rapid interpeptide hydrogen bonding that
can disrupt the tertiary structure that is necessary for functional activity. Some proteins can
“renature” when the alcohol is removed and the proteins are rehydrated. Other proteins are
unable to reconstitute their original tertiary structure. The current study was not designed to
test those issues. Future experiments need to be done to test the long-term effects of alcohols
on soluble vs. insoluble matrix-bound MMPs.

Figure 2 shows the percent inhibition of rhMMP-9 by alcohols that inhibited more than 50%
at 4.28 moles/L concentrations, plotted against the Hoy's solubility parameters for hydrogen
bonding forces calculated by addition of the contributions of their molecular group constants
using software from Computer Chemistry Consultancy (www.compchemconsul.com). In
Fig. 2, note that the most hydrophilic alcohols, ethanol and methanol [δh of 20 and 24
(MPa)-1], gave the least inhibition, while the least hydrophilic alcohols, tertiary-butanol and
HEMA, gave the highest inhibition of rhMMP-9. We speculate that alcohols with some
degree of hydrophobicity may be required for optimum inhibition of MMPs. They may
interact with the “methionine-turn” of the active site where methionine serves as a
hydrophobic base beneath the three zinc ligands and preserves the active site of the enzyme
[35].

Ethanol is a common solvent in dental adhesives, as is HEMA. However, HEMA can
copolymerize with other adhesive monomers and may remain bound to MMPs for years.
Dentsply/Caulk's XP Bond dental adhesive uses tertiary-butanol to solvate its comonomers.
While tert-butanol inhibited rhMMP-9 almost as well as HEMA, tert-butanol is likely to be
lost from the blend through evaporation during bonding, and via water sorption-
displacement after bonding.

Although many bonding systems include relatively high concentrations (ca. 35-50 wt%) of
HEMA, the resin-dentin bonds produced by these adhesives slowly degrade over time
[16,17,19,21], contrary to the expectation that HEMA-containing adhesives should inhibit
MMPs. Such results suggest that once polymerized, HEMA is no longer an effective MMP
inhibitor.

HEMA has been shown to have a relatively high affinity for demineralized dentin [35]
presumably due to weak force interactions with collagen (i.e. hydrogen bonding of the
primary alcohol group with collagen and hydrophobic interactions of the methacrylate vinyl
group with hydrophobic collagen residues). The inhibitory interaction of HEMA with
MMPs may require rotational freedom to obtain optimal binding. When HEMA polymerizes
to polyHEMA, it loses its rotational freedom and it undergoes volumetric shrinkage that
may displace the hydroxyl group from MMPs just enough to cause a loss of inhibition. The
inhibitory activity of the primary alcohol group on either the active or allosteric sites of
MMPs may require more rotational freedom than is possible in polyHEMA.

Carvalho et al. [32] used MMP-2 activity in PAGE gels to assay the percent inhibition of the
enzyme by increasing concentrations of monomeric HEMA. In their model, MMP-2 was
inhibited about 80% by 5 wt% HEMA [32]. When we made multiple dilutions of HEMA,
we found that 2.2 vol% HEMA inhibited rhMMP-9 by 98% (data not shown). Thus, HEMA
may be a general nonspecific inhibitor of MMPs.

The results of this study indicate that alcohols in general and HEMA, in particular, can
inhibit MMPs in vitro. Appropriate controls must be performed to correct for the potential
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inhibition of MMP activity by alcohols when evaluating the potential of bonding ingredients
to inhibit MMPs.

In the current study, the total endogenous MMP activity of demineralized beams was
assayed indirectly over 30 days in beams of demineralized dentin by measuring their loss of
dry mass and solubilization of collagen peptides [26,38]. The results of evaluation of the
ability of alcohols to inhibit matrix-bound MMPs (Table 2) indicate that five of the alcohols
that inhibited MMP-9 more than 50%, also inhibited matrix-bound MMPs more than 50%.
However, plots of concentrations of alcohols necessary to inhibit MMP-9 versus total
endogenous matrix-bound MMP activity in demineralized dentin beams showed poor
correlations (R2 = <0.5, not shown). Collagen may compete with MMPs for alcohol
hydrogen bonding. Thus, the dose-response relationship of soluble rhMMP-9 may differ
from that of matrix-bound MMPs.
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Figure 1.
Changes in modulus of elasticity of demineralized dentin beams before and after 30 days of
incubation in simulated body fluid (SBF) alone or containing polyol inhibitors.
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Figure 2.
Plot of percent inhibition of rhMMP-9 by alcohols versus their Hoy's solubility of parameter
for hydrogen bonding cohesives forces. The negative correlation coefficient shows that the
more hydrophilic the alcohols (i.e. the higher their δh values), the less they inhibit the
enzyme. All of these alcohols were soluble in the assay buffer at concentrations of 4.28
moles/L.
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Table 1

Inhibition of soluble rhMMP-9 by alcohols

Chemical Concentration % Inhibition IC50 (moles/L)

methanol 4.28 M 12.4 ± 1.57%A 19.1 ± 2.86%a

ethanol 4.28 M 14.3 ± 2.06%A 19.6 ± 0.36%a

1-propanol 4.28 M 79.7 ± 0.18%F 2.7 ± 0.13%d

2-propanol 4.28 M 52.7 ± 0.18%D 4.4 ± 0.13%e

1-butanol 1.71 M* 56.1 ± 0.09%D 1.6 ± 0.09%c

2-butanol 4.28 M 78.7 ± 0.94%F 0.5 ± 0.04%b

tert-butanol 4.28 M 91.1 ± 0.18%G 2.7 ± 0.04%d

1-pentanol 0.86 M* 28.5 ± 0.54%B 1.7 ± 0.04%c

2-HEMA 4.28 M* 99.4 ± 0.27%H 0.1 ± 0.09%b

1-hexanol 0.17 M* 28.3 ± 0.40%B --

2-hexanol 0.17 M* 13.2 ± 0.67%A 1.6 ± 0.09%c

3-hexanol 0.17 M* 35.1 ± 1.16%E 0.4 ± 0.04%b

1-heptanol -- -- --

2-heptanol 0.17 M* 13.7 ± 2.33%A 3.0 ± 0.18%d

3-heptanol 0.17 M* 17.1 ± 0.54%A 0.5 ± 0.04%b

1-octanol 0.17 M* 25.4 ± 1.21%B 0.3 ± 0.22%b

2-octanol 0.17 M* 21.5 ± 0.63%B,C 2.7 ± 0.18%d

3-octanol 0.17 M* 10.1 ± 1.79%A --

4-octanol 0.17 M* 17.7 ± 0.27%A,C 1.1 ± 0.04%c

1,2-ethanediol 4.28 M 36.6 ± 0.18%E 5.8 ± 0.36%e

1,3-propanediol 4.28 M 84.4 ± 0.60%I 1.1 ± 0.27%c

Groups identified by different uppercase and lowercase superscript letters are significantly different (p±0.05). Values are mean ± SEM (n=5) as
determined by least squares means method.

*
Higher molecular weight alcohols had lower solubilities than the lower molecular weight alcohols. The concentrations indicated are their highest

soluble concentrations in the proprietary assay buffer. Alcohols highlighted in grey, inhibited rhMMP-9 by more than 50%. Their inhibitory
activity was also assayed at lower concentrations of 1.71, 0.86 and 0.17 moles/L to obtain a dose-response relationship. That data is not shown but
was used to obtain the IC50 values by plotting percent rhMMP-9 inhibition vs. alcohol concentrations.
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Table 2

Hoy's solubility parameters for alcohols

Alcohols δ d δ p δ h δ t

Methanol 11.6 13.0 24.0 29.7

Ethanol 12.6 11.2 20.0 26.1

1-propanol 13.3 10.3 16.8 23.8

2-propanol 13.0 10.4 15.7 22.8

1,3-propanediol 12.8 14.2 28.0 33.9

1-butanol 13.6 9.5 15.0 22.4

2-butanol 13.4 9.5 14.1 21.1

Tert-butanol 13.3 9.7 13.3 21.1

2-hydroxymethacrylate 13.3 12.3 8.8 22.6

Values calculated with software from Computer Chemistry Consultancy (www.compchemconsul.com). They are listed in Figs. 2A and 2B.
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Table 3

Effects of alcohols on the loss of dry mass and dissolution of hydroxyproline from demineralized dentin
beams

Alcohols Loss of dry mass (%) % Inhibition Solubilization of HYP* % Inhibition

4.28 M 1-propanol -4.16 ± 0.21% (10)A 80.2 2.39 ± 0.20 μg/mga 78.2

2.30 M 2-butanol -4.15 ± 0.11% (10)A 80.2 1.88 ± 0.25 μg/mgb 82.9

4.28 M tert-butanol -3.52 ± 0.28% (10)A 83.3 1.56 ± 0.18 μg/mgb 85.8

4.28 M HEMA -4.03 ± 0.09% (10)A 80.8 1.58 ± 0.05 μg/mgb 85.6

1.71 M HEMA* -4.39 ± 0.12% (10)A 79.1 1.80 ± 0.14 μg/mgb 83.6

0.86 M HEMA* -4.06 ± 0.10% (10)A 80.7 1.30 ± 0.07 μg/mgb 88.1

4.28 M 1,3-propanediol -3.22 ± 0.31% (10)A 84.7 0.14 ± 0.01 μg/mgc 98.7

buffer control -21.02 ± 0.71% (10)B 0 10.97 ± 0.58 μg/mgd 0

Abbreviations: HYP = hydroxyproline; HEMA = 2-hydroxyethylmethacrylate. Values are means ± SEM (n = 10). Groups identified by different
upper and lower case letters are significantly different (p<0.05). The power of the performed test with α=0.05 was 1.0. Although 2-butanol was
soluble at 4.28 moles/L in the proprietary assay buffer used in the rhMMP-9 assay, when 2-butanol was mixed with the simplified buffer used in
the beam assay, the highest soluble concentration was 2.3 moles/L. Although 4.28 and 1.71 moles/L 1-butanol inhibited rhMMP-9 more than 50%,
these concentrations were not soluble when we mixed them with the simplified medium used in the dentin beam experiments. Therefore, we were
unable to test 1-butanol in the beam studies.
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