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ABSTRACT

Resin-based materials have become increasingly popular for use in dentistry.
Components of these materials are known to leach out from placement sites, initially at
high concentrations and thenafter at relatively lower levels. Available evidence indicates
that dental resin components have detrimental effects towards gingival fibroblast and
epithelial cells. However, despite the rich vascularity of the oral environment, there is
only limited information on the effects of these substances on the responsiveness of
vascular tissues. The present investigation was undertaken to determine the effects of the
resin components, methyl methacrylate (MMA), hydroxyethyl methacrylate (HEMA),
triethylene glycol dimethacrylate (TEGDMA) and dimethylaminoethyl methacrylate
(DMAEMA), on vascular reactivity using the isolated rat aorta as a tissue model. In
addition, possible vascular effects of the degradation products ofHEMA and DMAEMA,
i.e., dimethylethanolamine (DME), methacrylic acid (MAA) and ethylene glycol (EG),
were also assessed. In the investigation, isometric tension of aortic rings was measured,
and various in vitro conditions were employed to study the mechanisms of resin-induced
vascular reactivity.

Biochemical assays of tissue levels of prostacyclin (PGh) and

thromboxane Az (TXAz) were also carried out to determine if there was a correlation with
the mechanical responses. It was found that MMA, HEMA, TEGDMA and DMAEMA
caused concentration-dependant relaxation of NE-contracted rat aortic rings with and
without endothelium. This finding suggests the existence of both endothelium-dependent
v

and independent components for the vascular responses to these resin components. The
endothelium-dependent but not independent responses were inhibited by N-nitro-Larginine methyl ester (L-NAME), indicating the involvement of endothelium-derived
nitric oxide.

The vasorelaxant effects of MMA, TEGDMA and DMAEMA on the

endothelium-intact and denuded aortic rings were attenuated by indomethacin, providing
evidence for the role of prostanoids, such as prostacyclin, in these responses.

This

observation was further supported by the increased production of prostacylin in response
to TEGDMA, although this was not well established for MMA and DMAEMA.
Glybenclamide selectively inhibited TEGDMA and DMAEMA-induced relaxation of the
blood vessels with and without endothelium. However, while the effects of the inhibitor
on TEGDMA-induced relaxation were similar in the endothelium intact and denuded
aortae, they were greater in the intact tissues relaxed by DMAEMA. These results
suggest the activation of vascular smooth muscle KATP channels by both TEGDMA and
DMAEMA, and the possible release of endothelium-derived hyperpolarizing factor
(EDHF) by DMAEMA. On the other hand, DMAEMA at a relatively high concentration
caused contraction of the rat aorta while DME induced concentration-dependant
contractile responsiveness at lower concentrations, in both the presence and absence of
the endothelium. Endothelium removal did not alter the responses of the tissue to DME.
The contractile effe?ts of DME were attenuated by indomethacin, indicating the
involvement ofprotanoid metabolite(s) in the vascular action of this degradation product
of DMAEMA. In support of this finding, there was enhanced production of TXA2 in
aortic rings incubated with DME. Unlike DME, MAA, and EG were without effect on
the rat aorta. It is concluded the MMA, HEMA, TEGDMA, and DMAEMA alter the
vi

function of blood vessels by causmg relaxation v1a different mechanisms, which,
depending upon the substances under consideration, may at least involve the release of
nitric oxide and prostacylin, and the activation ofKATP channels. Further, DMAEMA (at
high concentration) and its degradation product DME, upon interaction with aortic tissue
can cause vasoconstriction; the effect of DME may involve the generation of TXAz.
These mechanisms may play a role in tissue homeostasis and certain pathophysiological
conditions associated with the use of resin materials in dentistry.
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Abstract:

The frequent use of resins in dentistry has raised the question of their

compatibility with the oral tissues. The present study was undertaken to determine the
effects of the resin components methyl methacrylate (MMA), hydroxyethyl methacrylate
(HEMA) and triethylene glycol dimethacrylate (TEGDMA) on the reactivity of blood
vessels using the isolated rat aorta as a tissue model. MMA, HEMA, and TEGDMA
caused endothelium-dependent and independent relaxation of rat aortic rings in a
concentration-related manner. The endothelium-dependent responses of the tissues to all
the resins were significantly attenuated by N-nitro-L-arginine methyl ester (L-NAME),
indicating the involvement of nitric oxide. The vasorelaxant effects of both MMA and
TEGDMA on the intact and denuded aortae were markedly inhibited by indomethacin,
providing evidence for the role of prostanoids in these responses.

Glybenclamide

selectively attenuated TEGDMA-induced relaxation of tissues with and without
endothelium to a similar extent, suggesting activation of vascular smooth muscle

KATP

channels by this resin. It is concluded that MMA, HEMA, and TEGDMA interfere with
the function of blood vessels by inducing vasorelaxation via different mechanisms,
which, depending upon the type of resin, may at least involve release of nitric oxide and
prostanoid(s), and activation of smooth muscle

KATP

channels. These observations may

play a role in tissue homeostasis and certain pathophysiological conditions associated
with the application of resin materials to the oral enviromnent.

Introduction

Resins are used in dentistry for a variety of purposes including esthetic
restorations, removable appliances, tooth stabilization and as bonding agents. Although
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the exact composition of these materials is trade secret, most of them are believed to
contain monomers of acrylate derivatives such as methyl methacrylate (MMA),
hydroxyethyl methacrylate (HEMA) and triethylene glycol dimethacrylate (TEGDMA).
The use of dental resins has increased in recent years for various reasons, including the
availability of technology to simplify the use of such materials, patients' desire for the
esthetic benefits of resin products and the prolonged retention of dentition by the aging
population. Evidence indicates that resin components can leach out into the surrounding
oral enviromnent after application (Vallittu et a!. 1998; Hamid et a!. 1996; Lee et al.
1998; Baker et al. 1988). This, coupled with their widespread use, has raised the question
of compatibility of resins with the oral tissues. In this regard, a number of studies have
demonstrated that several resin components are indeed bioactive and can alter cellular
processes in epithelial and gingival cells in the oral cavity (Caughman et a1.1990;
Schuster et al.1997; Schuster et al. 1999).
Although the oral cavity is highly vascularized, only limited studies have been
conducted to determine the effects of. dental resins on vascular reactivity. Karlsson
(Karlsson et al. 1995) reported that MMA causes relaxation of human saphenous veins
and rabbit aortic smooth muscle. Other investigators found that infusion of MMA in
anesthetized dogs induces sustained hypotension (Wade Waters et a1.1992; Berman eta!.
1974). MMA was also observed to produce profound hypotension in human patients
following insertion of cement containing the resin into bone cavities during orthopedic
surgery (Duncan et al.1989; Keret et a!. and Reis et a!. 1980).

More recently, several

single-bottle dentin bonding systems containing a mixture of primer and adhesive resins
together with organic solvents· were demonstrated to produce contraction of the rat
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carotid artery (Tasman et a!. 2000; Onur et a!. 2000).

However, none of the above

studies has provided adequate information on the mechanisms by which these vascular
effects occur. Further, the effects of other available resins on vascular reactivity have not
been assessed in any type of blood vessels.
In the function of blood vessels, both the smooth muscle and endothelium play

important roles. Activation of the smooth muscle by an agonist or by depolarization
leads to an increase in cytoplasmic calcium (Horowitz et a1.1996). The rise in calcium
results in muscle tension development (Horowitz et a!. 1996). On the other hand, the
vascular endothelium exerts an inhibitory influence on contraction of the smooth muscle.
This result is primarily due to the release of endothelium-derived relaxing factors, such as
nitric oxide, from the endothelium (Martin et a!. 1986).

Vascular smooth muscle

relaxation can also be induced independent of the endothelium (for instance, like that
produced from sodium nitroprusside (SNP) by agents that act directly on the smooth
muscle (Abebe eta!. 1995).
The aim of this investigation was to examine the effects of the dental resin
components MMA, HEMA and TEGDMA on vascular reactivity using the isolated rat
aorta as a tissue model. This evaluation was performed by measuring mechanical tissue
responses under various in vitro experimental conditions.

Such an undertaking will

reveal possible consequences of interactions between resius and vascular tissues, at least
in the oral environment.
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Materials and Methods
Blood vessel preparation

The animals used in this investigation were male Wistar-Kyoto rats weighing 350400 g (Harlan Laboratories, Indianapolis, IN). Animal use protocol was approved by The
Animal Care Committee at the Medical College of Georgia. For this, Nlli guidelines for
the care and use of laboratory animals (NIH Publication #85-23 Rev. 1985) were
observed. ·Rats were sacrificed by decapitation and a section of thoracic aorta between
the aortic arch and diaphragm was quickly removed from each animal and placed in a
Kreb's solution. The composition of the Kreb's solution was NaCl (113 mM), KCl (4.7
mM), NaHC03 (25.0 mM), CaC]z (2.5 mM), KHzP04 (1.2 mM), MgS04 (1.2 mM), and
dextrose (11.5 mM). Vessels were cleaned of fat and connective tissue while being
bathed in this solution, as described previously by Abebe et al. (1993). Intraluminal
blood was removed by gentle lavage with the Kreb's solution while appropriate care was
taken not to damage the endothelial layer.

The vessels were cut into rings of

approximately 3 mm in length. One half of the rings had the endothelium destroyed by
gently rotating them on the tips of a pair of forceps (Abebe et al. 1993). The remaining
rings were left with intact endothelium.
Muscle tension studies

Aortic rings were suspended in isolated tissue baths containing 10 ml of Kreb's
solution bubbled with 95% 0 2/5% C02 and maintained at 37°C, as described previously
(Abebe et al. 1993). One ring with and another without endothelium were suspended in
each tissue bath. Each ring was suspended between two stainless steel wire hooks, one of
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which was attached to a fixed support at the bottom of the tissue bath and the other to a
Grass FT.03 forced displacement transducer which was connected to a recording Grass
Model R7 polygraph.

The rings were placed under a basal tension of 2 grams and

equilibrated for 90 minutes before starting experiments (Abebe eta!. 1993). During this
time, the Kreb's solution was changed every 15-20 minutes.
After equilibration, the aortic rings were tested for the presence or absence of
functional· endothelium using acetylcholine (ACH, 10·6 M) after contracting them with
norepinephrine (NE, 10~ 7M) (Abebe et al.1993) .. Tissues that relaxed to ACH > 50%
were considered to be endothelium intact, whereas those that did not demonstrate any
relaxation to this agent were considered endothelium denuded. Such preparations were
used in subsequent experiments. The rings were then washed with the Kreb's solution
every 15-20 minutes for 45 to 60 minutes to allow them tore-equilibrate. Following this
application, the tissues were again contracted with 10·7 M NE and concentration-related
relaxant responses were obtained to MMA, HEMA, and TEGDMA in a cumulative
fashion. Each tissue was used for determination of responses for only one type of resin.
In another set of experiments, possible contractile effects of these compounds were tested
on tissues maintained under basal tension. The viability of the aortic rings after treatment
with resins was assessed by contracting them with NE (10"7M) followed by relaxation
with either ACH (10-~) or SNP (10-7M).
In order to investigate the mechanisms of vascular relaxation induced by each of
the dental resin components, responses to these agents were also recorded after treating
the tissues with (1) the nitric-oxide syothase inhibitor, N-nitro-L-arginine methyl ester,
(L-NAME, 10"5M), (2) the prostanoid syothesis blocker, indomethacin (10"5M) and (3)
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the

KATP

channel inhibitor, glybenclamide (1.0 11M). The tissues were incubated with

these inhibitors/blockers for 20 minutes prior to adding NE and then the resins.
Drugs and chemicals

MMA, HEMA, TEGDMA, indomethacin, L-NAME, and glybenclamide were all
purchased from Aldrich Chemical Company (Milwaukee, WI).

Norepinephrine

hydrochloride, ACH chloride, and SNP were obtained from Sigma Chemical Company
(St. Louis; MO). All other chemicals were of the highest grade available and were also
purchased from Sigma. While stock solutions ofMMA and TEGDMA were dissolved in
dimethylsulfide (DMSO), HEMA, NE, ACH, L-NAME and SNP were dissolved in
distilled water. Ascorbic acid (lmg/ml) was added to the solution containing NE in order
to reduce its oxidation. Indomethacin was dissolved in ethanol.

When needed, all

chemicals were diluted with distilled water. The amounts of vehicle added did not affect
the responsiveness of the blood vessels to the test substances.
Calculation of data and statistics

Relaxant responses of the rat aortic rings to MMA, HEMA and TEGDMA were
calculated as the percentage of reduction in tension generated by NE. The concentrations
of the resins eliciting 50% of maximum relaxation (ie., ECso values) were determined
from the concentration-response curves, as used in our previous studies (Abebe et a!.
1995). These values were used to assess the relative effectiveness or "potencies" of the
resin components in producing vasorelaxation. All data are expressed as mean ± SEM.
Statistical differences between all other data were evaluated as described previously
(Abebe eta!. 1993, Abebe eta!. 1995) using Student's t test, and a P-value less than 0.05
was considered significant.
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Results
Relaxant responses to MMA, BEMA and TEGDMA

MMA, HEMA, and TEGDMA did not alter the basal tone of the rat aortic rings
with and without endothelium up to a concentration of 10-2M (data not shown).
However, in endothelium-intact rings contracted with NE (10-7M) all the resin
components (10-5-10-2M for MMA and HEMA; 3xl0"8-lxl0-5M for TEGDMA) elicited
concentration-dependent relaxation, TEGDMA being more effective compared to MMA
and HEMA, which demonstrated a similar magnitude of effectiveness (Fig. 1; Table I).
All the resin components produced a 100% relaxation at the highest concentrations used.
Removal of the endothelium from the aortic rings produced a small increase in
contractile responsiveness to NE (1 o·7M), as demonstrated previously (Abebe et al.
1993). In these tissues, unlike the intact preparations, ACH (10-6M) did not induce
relaxation, indicating the absence of functional endothelium (Abebe et al. 1993). In the
endothelium-denuded rings, the concentration-response curves for MMA, HEMA, and
TEGDMA were all shifted significantly to the right (as demonstrated by their ECso
values) compared with the corresponding responses obtained in the intact preparations
(Fig. 1; Table I). However, the maximum response to the resins was not altered by
endothelium removal. The order of effectiveness of the resins in producing relaxation of
the denuded rings was similar to that in the endothelium-intact vessels. In both the intact
and denuded aortae, the effects of the resin components were reversible and not
desensitized (data not shown).
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Effects of L-NAME, indomethacin and glybenclamide on relaxant responses to
MMA, HEMA and TEGDMA
L-NAME (10-5M) significantly inhibited the relaxant responses of endotheliumintact rings induced by sub-maximum concentrations of MMA, HEMA, and TEGDMA
without affecting the maximum responses (Fig. 2). However, the inhibitor was much less
effective in attenuating the relaxation generated by any of the resin components in
denuded tissues. Relaxant responses of the rat aortae to MMA and TEGDMA but not
HEMA were significantly reduced by indomethacin (10-5M) both in the presence and
absence of the endothelium with no alteration of the maximum responses (Fig. 3).
Treatment of both the intact and denuded tissues with glybenclamide (1 o·<M) markedly
attenuated the responses elicited by sub-maximum concentrations of TEGDMA, but not
to MMA or HEMA (Fig. 4).

Discussion
The focus of this study was to examine the acute effects of the dental resin
components, MMA, HEMA, and TEGDMA, on vascular reactivity by measuring
mechanical responses of the isolated rat aorta under various experimental conditions.
Our experiments demonstrated that none of these resin components altered the basal tone
of the aortic preparations. This observation suggests that these resins may not contribute
to the activation of the contractile mechanisms involved in the generation of mechanical
responses in the rat aorta under basal conditions. On the other hand, in NE-contracted
tissues, MMA, HEMA, and TEGDMA induced concentration-dependent relaxation both
in the presence and absence of the endothelium, although the responses were greater in
the presence of the endothelium for all the resins. These findings provide evidence that
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these resin components cause both endothelium-dependent and independent relaxation of
the rat aorta contracted with NE. The increased responses observed with sub-maximum
concentrations of TEGDMA may be related to its biological action and/or greater
accessibility to its site of action. It is believed that the vasorelaxant effects generated by
the resins were not caused by toxicity on the vascular tissue for the following reasons.
First, the relaxant responses to all the resins were reproducible. Second, the NE-induced
contractile responses and the relaxation produced by ACH in endothelium-intact rings
were totally restored following a 45 minutes washout of the resins.
Our results demonstrate that L-NAME attenuated the relaxant responses of
endothelium-intact but not denuded rings to MMA, HEMA, and TEGDMA. Since LNAME is known to inhibit nitric oxide synthesis, these data suggest that at least part of
the responses produced by these resins in the intact tissues are mediated via endotheliumderived nitric oxide. Other investigators have shown that L-NAME in the concentration
used in the present study is devoid of nonspecific action indicating that the inhibitor
produced its effect by selectively interfering with nitric oxide synthesis (Abebe et al.
1995; Rees et al. 1989; Fleming et al. 1991). On the other hand, our observation oflack
of inhibition by L-NAME of the relaxation elicited by the three resins in endotheliumdenuded rings provides evidence that smooth muscle cell-derived nitric oxide is not
involved in the relaxant responses of the rat aorta to these substances.
In the present study, while indomethacin elicited a marked reduction of the

vasorelaxant effects of both MMA and TEGDMA in tissues with and without intact
endothelium, the inhibitor was without a significant effect on HEMA-induced responses.
This observation indicates that MMA and TEGDMA cause relaxation of the rat aorta
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partly via the formation of vasorelaxant prostanoid(s). Based on the findings ofprevio~s
studies, prostacyclin has been identified as the primary prostanoid producing this type of
vascular effect (Moncada and Vane 1979). As the magnitudes of the inhibition elicited
were not significantly different between the intact and denuded tissues, it appears that the
presumed prostanoid was generated primarily in the vascular smooth muscle.

The

usefulness of indomethacin for assessing the roles of prostanoids in vascular reactivity is
well established (Moncada and Vane 1979).

The lack of effect of indomethacin on the

responses evoked by HEMA is indicative of absence of prostanoid mediators in the
vascular action of this resin.

Another possible contributory mechanism for

vasorelaxation is membrane hyperpolarization caused by the activation of ATP-sensitive
K+ CKATP) channels.

This state can be brought about by endogenously generated

mediators such as EDHF or by exogenously administered substances. Our results support
a role for KATP channels in TEGDMA-induced relaxation of the rat aorta as the responses
to this resin were significantly attenuated by glybenclarnide, a potent blocker of arterial
KATP channels (Standen et al. 1989). Since the inhibitory effect of glybenclarnide was
similar in endothelium-intact and denuded rings, it is unlikely that substances released
from the endothelium were involved in the activation of the KATP channels. It rather
appears that this effect of TEGDMA was mediated by direct stimulation of the KATP
channels in the aortic smooth muscle. The fact that glybenclarnide did not alter the
responses of the aortae to MMA and HEMA suggests that the vasorelaxant effects of
these resins do not involve the activation ofKATP channels.
The underlying mechanism for the vascular action of nitric oxide released from
the endothelium (as assessed by using L-NAME) is believed to involve the activation of
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soluble guanylate cyclase in the smooth muscle. This process generates the second
messenger cGMP. Although the mechanism by which cGMP causes smooth muscle
relaxation is not entirely clear, its production has been shown to be associated with
reduced levels of intracellular calcium and dephosphorylation of myosin light chain
kinase (Draznin et a!. 1986; Lincoln et a!.

1991).

Therefore, it is likely that the

endothelium-dependent responses observed with MMA, HEMA, and TEGDMA were
associated. with this mechanism. Prostacyclin, which was assumed to be formed by the
action of MMA and TEGDMA, is known to be involved in vascular smooth muscle
relaxation by activating adenylate cyclase.

The cAMP generated stimulates protein

kinase A, among other proteins, ultimately leading to a reduction in intracellular calcium
followed by muscle relaxation (Linclon et a!. 1991). The role of KATP channels in the
vasorelaxant action of TEGDMA is believed to be associated with inhibition of calcium
influx through voltage-sensitive calcium channels on the smooth muscle plasma
membrane (Standen et a!. 1989). However, the above possibilities need to be confirmed
with further experiments by directly measuring the factors involved.
Similar to our data, Karlsson (Karlsson et a!. 1995) also showed that MMA in the
concentration range of 10'3-10'1M causes relaxation of human saphenous venous and
rabbit aortic rings contracted with NE. However, this effect was found to be totally
endothelium-independent and unaffected by indomethacin.

The reason for this

discrepancy between our data and those of Karlsson et a!. is not clear. However, a likely
explanation could be the difference in the type of vascular tissues and/or species of
animals used in the two studies. As noted above, apart from this investigation, there are
no reports of other studies assessing the effects of individual dental resins on vascular
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reactivity under in vitro conditions. Nevertheless, several in vivo studies performed on
humans and animals have demonstrated a hypotensive effect for MMA (WadeWaters et
a!. 1992; Berman et a!. 1974; Duncan 1989; Keret and Reis 1980). On the other hand,
other reports published recently have documented contractile effects of single-bottle
dentin primer/adhesive systems on rat carotid arteries (Tasman et a!. 2000; Onur et a!.
2000). Since these systems consisted of a mixture of various resin components together
with potentially bioactive solvents, it is difficult to know whether the effects reported
were due to the resins or the other substances.
The use of the rat aorta as a tissue model for assessing the effects of dental resins
on vascular reactivity is relevant in two ways. First, this tissue is very well characterized
and facilitates the ability to determine whether or not these materials are vasoactive, as
well as making the responses more readily quantifiable and reproducible for both the
smooth muscle and endothelium. Although it is recognized that the oral vasculature is
different from the aorta, currently there is no in vitro system of oral vasculature that
would permit examination of possible responses with such degree of accuracy or
reproducibility. Therefore, the use of the aorta is desirable at least at an initial stage of
the investigation. However, in future follow-up studies, considerations should be given
to the utilization of oral vasculature such as the hamster cheek pouch or the dental pulp.
Second, in addition to their presumed localized effects on the oral vasculature, resin
components released from dental appliances can reach the systemic circulation and
produce effects on other blood vessels. This effect is particularly true for appliances that
cover large surface areas and release large quantities of components. Since the oral
mucosa is very active in absorption of chemicals and drugs, it is likely that the resin
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materials used in the present investigation can be absorbed effectively. Thus, there is the
possibility of effects on blood vessels other than the local microvasculature.
Assuming that similar effects occur in the oral vasculature as in the aorta, the
results reported in this communication could be relevant to the practice of dentistry in
several aspects.

With the application of dental materials containing MMA, HEMA,

and/or TEGDMA, the. components come in direct contact with the oral tissues. Resin
components can also leach out from restorations and other appliances into the
surrounding tissues in relatively high concentrations especially soon after placement
(Vallittu eta!. 1998; Hamid eta!. 1996; Lee eta!. 1998; Baker eta!. 1988). This leaching
would allow resins to be absorbed into areas away from the sites of application. Upon
interaction with blood vessels, the resins can cause vasorelaxation at least by the
mechanisms described in this report. The vasorelaxation produced can promote blood
flow into surrounding areas. The increased blood flow can be beneficial in some aspects
by facilitating the healing of damaged tissues that possibly follow dental procedures
during the application of the resins.

On the other hand, increased flow can be a

disadvantage due to its potential for increasing bleeding. In addition, depending upon its
concentration, the nitric oxide generated by resin effects by vascular endothelium can
impart an antimicrobial activity (Akaike 2001).

By contrast, prostanoids that may be

formed in response to MMA and TEGDMA can have a deleterious effect on oral soft
tissues as well as on alveolar bone due to possible inflammatory and calcium resorption
effects, respectively (Howell 1993).
with further studies.

However, these proposals need to be confirmed
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In summary, the data presented in this report reveal that the dental resin

components MMA, HEMA, and TEGDMA cause endothelium-dependent and
independent relaxation of the rat aorta. The endothelium-dependent effect was attenuated
by L-NAME.

The responses produced by MMA and TEGDMA were inhibited by

indomethacin both in endothelium-intact and denuded aortae.

Glybenclamide also

attenuated the relaxant responses of the aortae to TEGDMA in the presence as well as
absence of the endothelium. It is concluded that MMA, HEMA, and TEGDMA interfere
with the function of blood vessels by causing vasorelaxation via different mechanisms.
Depending upon the type of resin used, this relaxation may involve at least release of
nitric oxide and prostanoid(s)/prostacyclin, and activation of

KATP

channels.

These

observations can be relevant to clinical dental practice by providing insights into some of
the possible consequences of applying resin materials in the oral enviromnent.
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TABLE I
-Log EC50 values for relaxation elicited by dental resin components in rat
aortic rings with and without endothelium

Resin Components

Intact Endothelium

MMA
HEMA
TEGDMA

4.06±0.03
3.75±0.09
6.74±0.13

.

Denuded Endothelium
3.07±0.09*
3.01±0.13*
6.37±0.10*

'

Values are mean ::!:SEM of 4-6 rats. MMA, methyl methacrylate; HEMA, hydroxyethyl
methacrylate; TEGDMA, triethylene glycol dimethacrylate * -Log EC5o for MMA,
HEMA, and TEGDMA in endothelium-denuded rings that are significantly less than
corresponding values in endothelium-intact rings (p<:0.05}.

Figure 1. Concentration-relaxation curves for methyl methacrylate (MMA), hydroxyethyl
methacrylate (HEMA) and methylene glycol dimethacrylate (TEGDMA) in rat aortic
rings contracted with norepinephrine (NE, J(J 7M) in presence (E+) and absence (E-) of
endothelium. Each point represents mean :f: SEM of responses obtained from 6 animals.
Rightward shift in concentration-relaxation curves for the resins was significant with
endothelium removal as specifically accessed by their ECso values. (See also Table I).
(For the sake of clarity, only upper error bars are shown in figures).
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Figure 2. Effect of N-nitro-L-arginine methyl ester (L-NAME, I (}5M) on MMA, HEMA,
and TEGDMA-induced relaxation ofNE (10" 7M)-contracted rat aortic rings in presence
and absence of endothelium. Rings were incubated with L-NAME for 20 minutes before
the addition of NE and then resins. Each point represents the mean I SEM of responses
obtained from 4-6 animals. *Significantly greater than corresponding treated group
(P<O. 05). (For the sake of clarity, only upper error bars are shown in figures).
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Figure 3. Effect of indomethacin (l(J 5M) on MMA, HEMA, and TEGDMA-induced
relaxation of NE (1 o·7 M)-contracted rat aortic rings in presence and absence of
endothelium. Rings were incubated with indomethacin for 20 minutes before the addition
of NE and then resins. Each point represents the mean .:f: SEM of responses obtained
from 4-6 animals. *Significantly greater than corresponding treated group (P<0.05).
(For the sake of clarity, only upper error bars are shown in figures).
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endothelium. Rings were incubated with glybenclamide for 20 minutes before the
addition of NE and then resins. Each point represents the mean .:t: SEM of responses
obtained from 4-6 animals. * Significantly greater than corresponding treated group
(P<:O. 05). (For the sake of clarity, only upper error bars are shown in figures).
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Abstract: The increasing use of resins in restorative and esthetic dentistry has raised

questions about the biocompatibility of these substances with oral tissues. The focus of
the present investigation was to assess the responsiveness of blood vessels to the resin
polymerization accelerating agent, dimethylaminoethyl methacrylate (DMAEMA), and
its degradation products, dimethylethanolamine (DME) and methacrylic acid (MAA),
using the rat aortic ring as a tissue model. While mechanical responsiveness of the tissue
was assessed by measurement of isometric tension, tissue thromboxane A2 (TXA2) levels
were measured by ELISA. DMAEMA induced concentration-dependent relaxation of
norepinephrine (NE)-contracted rings with and without endothelium. N-nitro-L-arginine
methyl ester (L-NAME) selectively inhibited the endothelium-dependent relaxation
induced by DMAEMA, suggesting the release of nitric oxide from the vascular
endothelium by DMAEMA.

Both indomethacin and gylbenclarnide attenuated the

vasorelaxation elicited by DMAEMA in the presence as well as absence of endothelium,
providing evidence for the role of vasorelaxant prostanoid(s) and KATP channel activation
in the responses recorded. On the other hand, while MAA was without any apparent
effect on the rat aorta, DMAEMA at high concentration and DME at relatively low
concentrations caused contraction of the blood vessels with and without endothelium.
The contractile responses generated by DME in the intact and denuded rings were not
significantly different from each other. The DME-induced contraction was inhibited by
indomethacin suggesting the involvement of contractile arachidonic acid metabolite(s) in
the action of DME.

This observation was supported by our findings of increased

production of TXA2 in both the endothelium-intact and denuded tissues in response to
DME, although greater amount ofTXA2 was generated in the intact vessels. Overall, the
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findings of the present study suggest that both DMAEMA and its degradation product,
DME, are vasoactive mediating vasorelaxant and contractile effects by various
mechanisms which may at least involve the release of nitric oxide from the endothelium,
the activation of smooth muscle

KATP

channels and the generation of arachidonic acid

metabolite(s). These processes may play a role in tissue homeostasis and certain adverse
conditions associated with the use of dental resin materials containing DMAEMA and/or
DME.

Introduction
Resins are a class of dental materials used for a variety of purposes including tooth
stabilization, esthetic restorations, and removable appliances. Various formulations of
denture base and resin composites are available in the market for use in dentistry.
Although the exact composition of these materials is trade secret, most of them are
known

to

contain

monomers

of

acrylate

derivatives,

initiators

and

accelerators/photo activators of polymerization, and stabilizers, among others. Contrary
to what was believed to be, recently, most of these ingredients have been discovered to be
bioactive (Schuster et a!. 1997). In an attempt to assess the effects of dental resins on
vascular tissues, we recently investigated the responses of the isolated rat aorta to the
resin components, methyl methacrylate (MMA), hydroxyethyl methacrylate (HEMA) and
triethylene glycol dimethacrylate (TEGDI\1A) (Maddux et al. in press.). Our findings
revealed that these monomers of acrylate derivatives can interfere with the function of
blood vessels by eliciting vasorelaxation via different mechanisms. The purpose of the
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present work was to extend our previous investigation in the rat aorta to the
polymerization accelerating agent, dimethylarninoethyl methacrylate (DMAEMA).
Many studies have demonstrated that, similar to several other components of
dental resin materials, DMAEMA is bioactive thereby altering cellular processes in
various cell types, including those from the oral environment. In this regard, Schuster et
a!. (1997) have shown that in cultured oral epithelial cells, DMAEMA impairs RNA and
protein synthesis, and causes alterations in cellular lipid metabolism.

Further, the

proliferation and mitochondrial activity of human gingival fibroblasts have been reported
to be affected by DMAEMA (Lefevere et a!. 1996). In these oral cells, this component of
resin materials can also alter the production of inter!eukin-6 (Lapp and Schuster 2002).
Such observations with DMAEMA are considered to be relevant in clinical practice in
view of the fact that the agent can leach out into the surrounding soft tissue environment
from materials placed in the oral cavity (Lee eta!. 1998; Baker eta!. 1988). In addition,
in the oral cavity, DMAEMA can be hydrolyzed by esterases and other enzymes to
dimethylethanolarnine (DME) and methacry!ic acid (MAA), with the possibility of
producing additional cellular effects due to these degradation products (Bean et a!. 1994).
In the current investigation, the responsiveness of the isolated rat aorta to DMAEMA, as

well as DME and MAA, was assessed by mt;asuring tissue isometric tension and/or the
production of TXA2 under various in vitro experimental conditions. This is the first
attempt investigating the effects of these substances on a vascular system.
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Materials and Methods
Preparation of aortic segments
Thoracic aortae were dissected out from male Wistar-Kyoto rats (350-400 g,
Harlan Laboratories, Indianapolis, IN) as described recently (Maddux et a!. in press).
The protocol for animal use was approved by the Animal Care Committee of the Medical
College of Georgia, which followed the Nlli guidelines for the care and use of laboratory
animals (Nlli Publication #85-23 Rev. 1985). The isolated aortae were carefully cleaned
of adhering fat and connective tissue while being placed in Krebs solution of the
composition: NaCl (113 rnM), KCl (4.7 rnM), NaHC03 (25.0 rnM), CaCh (2.5 rnM),
KH2P04 (1.2 rnM), MgS04 (1.2. rnM), and dextrose (11.5 rnM). Ring segments of 3-5
rnrn in length were cut, with special care taken to rninirnize damage to the endothelium.
The endothelium was removed from one-half of the rings by gently abrading the lumen
with tips of forceps, leaving the other one-half endothelium-intact (Abebe et al. 1993).
These preparations were used for isometric tension measurements and TXA2 assays.

Measurement of isometric tension
Aortic rings, with and without functional endothelium, were suspended
individually in isolated tissue baths containing gassed (95% oxygen plus 5% carbon
dioxide) Krebs solution maintained at 37°C, as detailed by Maddux et al. (in press). The
vessels were equilibrated for 90-120 minutes under a resting tension of 2 g, while
changing the bathing solution every 15-20 minutes. The integrity of the endothelium was
evaluated in norepinephrine (NE, 10"7M)-contacted tissues using acetylcholine (10-6M) as
an endothelium-dependent relaxing agonist (Maddux et al. in press). The tissues were
then washed with the Krebs solution and re-equilibrated for 45-60 minutes. Following
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this, possible contractile effects of DMAEMA, DME and MAA were tested individually
in a cumulative fashion on aortic rings maintained under basal tension. In another set of
experiments, relaxation responses to these compounds were assessed cumulatively in
vessels contracted with NE (10"7M).

The viability of the drug-treated tissues was

eventually evaluated by contracting the aortae with NE (10-7M) and then by relaxing
them with ACH (10"~ and/or sodium nitroprusside (SNP, 10-7M).
To· assess the involvement of nitric oxide, prostanoids and endothelium-derived
hypezpolarizing factor or

KATP

activation in the relaxation responses to DMAEMA,

responses of the aortic rings to DMAEMA were measured after 20-minute pretreatment
of the tissues with N-nitro-L-arginine methyl ester (L-NAME, 10"5M), indomethacin (105M) and glybenclarnide

(10~, respectively. The role of cyclooxygenase pathway

metabolite(s) in the contractile responses to DME was also determined by measuring
DME-induced contractile responses in aortic rings incubated with 10"5M indomethacin
(after initial pretreatment with indomethacin for 20 minutes).
Measurement ofTXA2 production

To directly measure the production of TXAz in response to DME, aortic rings,
with and without endothelium, were placed in I ml gassed Krebs solution for 60-90
minutes at 37°C. Atthe end of this period, tissues were incubated with 10"6M DME for 5
minutes. Indomethacin (10"5 M final concentration) was then added and the supernatant
saved. The tissues were homogenized in 0.5 ml of Krebs solution, and after
centrifugation, the supernatant was added to the original supernatant for TXBz assays.
TXB 2 contents of samples were measured by enzyme inununoassay (ELISA) system
using Thromboxane Bz Enzynie Iminunoassay Kit (Catalog NO. 90002) from Assay
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Designs, Inc. (Ann Arbor, MI) following the manufacture's instructions. TXBz is a stable
non-ezymatic hydration product of TXA2, whose contents reflect the amount of TBA2
generated (Mitchell 1978).
Materials
DMAEMA and DME were purchased from Aldrich Chemical Company
(Milwaukee, WI). NE, ACH, L-NAME, indomethacin and SNP were obtained from
Sigma-REI Company (St Louis, MO). All other chemicals were of the highest grade
available and were purchased from Sigma-REI Company. Stock solutions ofDMAEMA
and DME were dissolved in DMSO while NE, ACH, L-NAME and SNP were dissolved
in distilled water. Ascorbic acid (lmg/ml) was included in the solution containing NE to
reduce oxidation of the drug.

Indomethacin was dissolved in ethyl alcohol.

The

quantities of vehicles added with the drugs to the tissue bathing medium did not have an
influence on the responses of the tissues.
Analysis of data
Relaxation response of the aorta to each concentration of DMAEMA was
calculated as percentage of reduction in contraction generated by NE. Contractile
responses to DME were expressed as developed tension in g per mg of tissue weight.
The production of TXA2 in response to DME was determined as percentages of basal
values. -Log ECso values, which were used to evaluate the sensitivity of the tissues to
DMAEMA and DME, were calculated from the concentration-response curves, as
described previously (Maddux et al. in press). All values are reported as the mean ±
SEM. Results between groups were compared with Students t-test and considered to be
significant ifP<0.05.
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Results
Relaxant responses to DMAEMA

DMAEMA caused concentration-dependent relaxation of the rat aortic rings
contracted with NE (10-7M), both in the presence and absence of the endothelium (Fig.
1).

In both types of

tissues, a relaxation of 100% was attained by the highest

concentration of DMAEMA used.

However, in endothelium-denuded rings, the

responses to sub-maximum concentrations ofDMAEMA were shifted significantly to the
right relative to the corresponding responses in the intact tissues, as confirmed by the
EC50 values ofDMAEMA values calculated (Fig. 1; Table 1). The vasorelaxant effect of
DMAEMA could be reversed by washing of the blood vessels with Krebs solution (data
not shown).
The relaxant responses of the rat aortae to several sub-maximum concentrations
of DMAEMA were significantly inhibited by the nitric oxide synthase inhibitor, LNAME (1o-5M) in the presence, but not absence, of the endothelium (Fig. 2A). Both
glybenclamide (10-6M), a KATP channel inhibitor, and indomethacin (10-5M), a prostanoid
synthase blocker, significantly attenuated the DMAEMA-induced relaxation of the
tissues with as well as without endothelium (Fig. 2A and Fig. 2C). However, the
magnitude of attenuation by glybenclamide was greater in intact than in denuded tissues.
Contractile responses to DMAEMA and DME

DMAEMA at a concentration of 3Xl o-5M induced a small and slowly developing
contraction of the rat aortae with and without endothelium (data not shown). This
contraction was about 15% of that produced by 3X 10-5M DME.
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The cumulative addition of DME caused concentration-dependent contraction of
the rat aortic tissues, both in the absence and presence of the endothelium·. This
contractile response to DME was much greater than that produced by 3X 10-5M
DMAEMA, both in terms of tissue sensitivity and maximum responsiveness (Fig. 3A).
The responses to DME were not different between the endothelium-intact and denuded
aortae (Fig. 3A; Table I). Indomethacin attenuated the DME-induced contraction of both
the endothelium-intact and denuded tissues (Fig. 3B; Fig. 3C). DME, up to 10-5M, did
not cause relaxation of the rat aortae contracted with NE (data not shown).
DME-induced TXAz production
Incubation of the rat aortae with 1o-5M DME resulted in increased production of
TXA2 in the presence as well as absence of the endothelium (Fig. 4). However, the
amount ofTXA2 generated by DME was significantly greater in the presence than in the
absence of the endothelium.
Effect ofMAA
MAA, up to a concentration of 10-3M, caused neither contraction nor relaxation of
the rat aortic rings with or without the endothelium (data not shown).

Discussion
The results of the present investigation demonstrate for the first time that
DMAEMA and its degradation product, DME, elicit responses in the rat aorta. This
observation provides evidence that these components of resin products are indeed
vasoactive. Possible mechanisms for the vascular effects manifested were investigated.
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The findings that DMAEMA caused relaxation ofNE-contracted aortae with and
without endothelium, with the generation of greater relaxation in the presence of
endothelium, indicate that the relaxant responses produced by DMAEMA have both
endothelium-dependent and independent components. Since the endothelium-dependent
responses of the tissues were selectively inhibited by the nitric oxide synthase inhibitor,
L-NAME, nitric oxide released from the vascular endothelium may, at least in part,
mediate the vasorelaxant action of DMAEMA. The lack of effect of L-NAME on the
DMAEMA-induced relaxation of the endothelium-denuded aortic rings suggests that
smooth muscle-derived nitric oxide may not contribute to this effect ofDMAEMA.
Our results also reveal that the

KATP

channel blocker, glybenclarnide, attenuated

the relaxant responses of the blood vessels to DMAEMA both in the presence and
absence of the endothelium. This implicates the activation of KATP channels activation in
the vasorelaxant action of DMAEMA. Because the

KATP

channel-mediated effect of

DMAEMA appeared to be greater in the endothelium-intact rings, an endotheliumderived vasorelaxant substance(s) activating vascular smooth muscle

KATP

channels may

further contribute to DMAEMA-induced relaxation of intact blood vessels. One such
candidate for this effect is the so called endothelium-derived hyperpolarizing factor
(EDHF), whose identity has not yet been defined (Cooks 1996).
The observation that the cyclooxygenase inhibitor, indomethacin, could inhibit
the relaxation responses to DMAEMA in tissues with and without endothelium leads to
the conclusion that in both types of the tissues, this resin component causes relaxation of
blood vessels at least partly through the generation of a vasorelaxant prostanoid(s). On
the basis of a number of previous studies, prostacyclin has been identified to be the
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primary prostanoid producing such an effect. However, in the present investigation, we
were unable to confirm this report by assaying prostacyclin contents. Attempts made to
measure tissue prostacyclin levels in response to DMAEMA provided inconsistent
results. As a sample, data obtained from a few animals are presented in Appendix C.
Another interesting aspect of the present work was the observation that a
relatively high concentration of DMAEMA (3 X10"5M) caused contraction of the rat
aortae. This contraction was small and developed slowly. It is likely that, however small
it may be, this effect of DMAEMA can counteract its vasorelaxant action. However,
whether or not this response of the aortae to DMAEMA was specifically mediated by the
release of vasoactive substances or by a direct action needs further verification.
Experiments carried out to examine the possible role(s) of the degradation
products of DMAEMA, i.e., DME, and MAA, demonstrated that while DME produced
contraction of the rat aortae, MAA was without any apparent effect. The magnitudes of
the contraction generated by DME were similar in the endothelium-intact and denuded
tissues, suggesting lack of influence of the endothelium on this action of DME.
Indomethacin inhibited the responses of both types of tissues to DME providing evidence
that the production of a contractile prostanoid(s) may play a role in this vascular effect of
DME. Consistent with this finding, we found enhanced production ofTXA2 in response
to DME in tissues with as well as without the endothelium. Thromboxane A2 is a known
vasoconstrictor generated by the action of thromboxane synthase on prostaglandin Hz in
the cyclooxygenase pathway of arachidonic acid metabolism (see Fig. 2 in Appendix B).
Its production can be enhanced by agents that can activate this pathway, and, on the basis
of the results presented here, DME may belong to such types of compounds. The fact
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that DME could induce greater production of TXA2 in tissues with intact endothelium
suggests that a portion of the metabolite was generated in the vascular endothelium. This
finding, however, does not corroborate with the contractile data in which a similar
magnitude ofDME-induced contraction and inhibition by indomethacin were observed in
both endothelium-intact and denuded aoatae. The reason for this discrepancy between
the mechanical and biochemical data is unclear. However, one possibility is that the
contractile effect of TXA2 produced endogenously by the action of DME in the intact
tissues might have been inhibited from eliciting its full effect by relaxing factors released
from the endothelium, such as nitric oxide and EDHF.
Given that DME is a degradation product of DMAEMA, it is possible that the
contractile responses generated by DMAEMA ( at high concentration) in the rat aortae
might have been mediated by DME. However, assessment of DME contents that may
possibly be produced by DMAEMA degradation under the experimental conditions nsed
in this investigation is required to clarity this possibility. Since the production of DME
from DMAEMA is expected to be significant in vivo following the application of dental
resin materials to patients, DME is likely to cause significant vascular effect in patients
using these materials. In view of the opposing effects of DMAEMA and DME on
vascular reactivity, the net effect produced under the in vivo situation may depend on the
concentrations of the individual compounds at the vicinity of the target tissue.
To summarize, the findings of the present investigation show that DMAEMA
causes endothelium-dependent and independent relaxation of the rat aortae.

The

endothelium-dependent relaxation was inhibited by L-NAME. The DMAEMA-induced
relaxation was also attenuated by glybenclamide and indomethacin in both the
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endothelium-intact and denuded tissues. Further, while DMAEMA at a relatively high
concentration elicited a small and slowly developing contraction, DME caused greater
contractile responses at relatively low concentrations in vessels with and without
endothelium. The contractile responses to DME were attenuated by indomethacin. DME
also evoked the production of TXA2 in the intact as well as denuded aortae. The data
suggest that DMAEMA and its degradation product, DME, are vasoactive, causing either
relaxation or contraction via different mechanisms. This may contribute, at least in part,
to some of pathophysiological conditions that may result form the application of dental
resin materials containing these components.
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TABLE I
-Log EC50 values for DMAEMA-induced relaxation, DME-induced contraction
and maximum contractile responses to DME in rat aortic rings with (E+) and
without (E-) endothelium.

Resin Components

DMAEMA
DME

-LogECso
E+
6.10±0.16
7.40±0.30

E5.00±0.30*
8.50±0.50

Contractile Responses
E+
0.18±0.04

E0.16±0.04

Values are mean .:!: SEM of 4-6 rats. DMAEMA, dimethylaminoethyl methacrylate; DME,
dimethylethanolamine. -Log ECsofor DMAEMA, and DME in endothelium-denuded rings
that are significantly less than corresponding values in endothelium-intact rings (p<0.05).

Figure 1.
Concentration-relaxation curve for dimethylaminoethyl methacrylate
(DMAEMA) in rat aortic rings contracted with norepinephrine (NE, w- 7M) in the
presence {E+) and absence (E-) of endothelium. Each point represents mean :!:SEM of
responses obtained from 6 animals. Rightward shift in concentration-relaxation curves
for DMAEMA was significant with endothelium removal specifically accessed by its EC5o
value (See Table I). (For the sake of clarity, only upper error bars are shown in figures).
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Figure 2. Effects ofN-nitro-L-arginine methyl ester (L-NAME, 10-5M) (A), glybenclamide
(l(J 6M) (B), and indomethacin (J(J5M) (C) on dimethylaminoethyl methacrylate
(DMAEMA)-induced relaxation of norepinephrine (NE) {l(J 7M)-contracted rat aortic
rings. Rings were contracted with L-NAME, indomethacin, and glybenclamide for 20
minutes before the addition of NE and then DMAEMA. Each point represents mean :f
SEM of responses obtained from 4-6 animals. *Significantly greater than corresponding
treated group {P<0.05). (For the sake of clarity, only upper error bars are shown in
figures).
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Figure 3. Concentration-response curves for dimethylethanolamine (DME)-induced
contraction of the rat aorta in the presence (E +) and absence (E-) of endothelium(A),
and the effect of indomethacin (10- 5M) on the DME-induced contraction in intact (B) and
denuded (C) tissues. In B and C. rings were incubated with indomethacin for 20 minutes
before the addition of DME. Each point represents mean :!: SEM of responses obtained
from 4-6 animals. * Significantly greater than corresponding treated group (P<0.05).
(For the sake of clarity, only upper error bars are shown in figures).
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APPENDIX A: RATIONALE AND RESEARCH DESIGN

Resins have been used in dentistry for a variety of purposes, including denture
bases, bonding agents, and restorations. The increasing use of these materials in recent
years has raised questions regarding their compatibility with the oral tissues. A number
of studies have demonstrated that dental resin materials are indeed bioactive and are
capable of'altering various cellular processes in vitro, including inhibition of cell growth
and macromolecule synthesis and changes in lipid metabolism, among others. In vivo
studies have also established that these materials are cytotoxic to oral tissues such as the
pulp and gingiva.
Despite the rich vascularity of the oral cavity, no studies have been conducted to
determine the effects of dental resins on the oral vasculature. The few studies reported for
blood vessels deal primarily with the effects of methyl methacrylate (MMA) which
causes vasorelaxation as well hypotension. The overall objective of this project was to
investigate the effects of dental resin components on the reactivity of blood vessels using
the isolated rat aorta as a tissue model. In this research project, the acute effects ofMMA,
hydroxyethyl methacrylate (HEMA), triethylene glycol dimethacrylate (TEGDMA), and
dimethylaminoethyl methacrylate (DMAEMA) on the reactivity of the rat aorta was
investigated under various in vitro conditions. Structurally, these compounds are acrylate
derivatives and are expected to have at least some similarities in their biological effects.
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In a preliminary experiment previously conducted in this laboratory, it was found
that both MMA and DMAEMA caused vasorelaxation in the rat aorta. Since DMAEMA
and HEMA are known to be degraded to

methacrylic acid (MAA),

and

dimethylethanolarnine (DME) by tissue and saliva enzymes, the effects of these
degradation products were also investigated. The hypothesis that was to be tested stated
that under acute conditions dental resin components and/or their enzymatic degradation
products cause vasorelaxation.
The mechanisms for the hypothesized vascular alterations induced by the resin
components were proposed to involve the smooth muscle and/or endothelium. Therefore,
using the rat aorta, experiments were designed to investigate endothelium-dependent and
independent vasorelaxation in response to MMA, TEGDMA, DMAEMA, HEMA, DME
and MAA.

Tissues with and without functional endothelium, and various

pharmacological probes and techniques (including biochemical assays) were employed in
this investigation to gain better insights as to the mechanisms of action of the resin
components. Details of the methods used are described elsewhere in this thesis along
with the individual manuscripts presented (pages 5-7, 25-27) and Appendix C that deals
with prostacylin (PGh) assays (pages 63-64). Summary of the protocols followed in this
thesis project for muscle tension studies are presented below.
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EXPERIMENTAL DESIGN FOR RELAXATION OF NE-CONTRACTED TISSUES
(N > 4 ANIMALS PER GROUP)
RESIN COMPONENTS
HEMA
TEGDMA
DMAEMA
MMA
E+

L-

I
INDO

E-

GLY

NAME
E+/E-

E+/E-

E+/E-

I

l

L-

EE+
EUSE OF INHIBITORS
INDO
INDO
GLY
GLY
L-

NAME

NAME

E+

E+/E-

E+/E-

E+IE-

E+IE-

E+/E-

E+/E-

E+
LNAME
E+/E-

I

E-

INDO

GLY

E+/E-

E+E-

In relaxation studies, tissues were contracted with NE and relaxed by resins in the presence and
absence or endothelium. In a second set of experiments, tissues were incubated with various
pharmacological blockers and contracted with NE, and relaxed in the presence and absence and
endothelium.

EXPERMENTAL DESIGN FORDME
(N <: 4 ANIMALS PER GROUP)
E+

I

E-

USE OF INDOMETHACIN AS AN INHIBITOR FOR
CYCLOOXYGENASE
EE+

I

After control contractile responses to DME, in a second set of
experiments, tissues were incubated with indomethacin, and contracted

with DME in the presence and absence of endothelium.

LIST OF ABBREVIATIONS:
DMAEMA
Dimethylaminoethyl methacrylate
DME
Dimethylethanolamine
E+
Endothelium present
EEndothelium absent
GLY
Glybenclamide
HEMA
Hydroxyethyl methacrylate
INDO
Indomethacin
L-NAME
N-nitro-L-arginine methyl ester
MMA
Methyl methacrylate
NE
Norepinephrine
TEGDMA
Triethylene glycol dimethacrylate
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The use of the rat aorta as a tissue model in the present project is considered to be
relevant for the following reasons:
(1) The rat aorta is a very well characterized tissue that facilitates the ability to
determine whether or not the resin materials are vasoactive. As such, this tissue makes
the responses more readily quantifiable and reproducible for both the smooth muscle and
endothelium. Even though it is known that ·the blood vessels in the oral tissue are
different from the aorta, at present, there is no in vitro system of oral vasculature that
would permit examination of possible responses with such degree of accuracy or
reproducibility. Therefore, the use of the aorta is desirable at least at an initial stage of
this kind of investigation. Future follow-up studies should, however, consider the
utilization of oral vascular preparations, such as the hamster cheek pouch or the dental
pulp.
(2) In addition to their presumed localized effects on oral blood vessels, resin
components released from dental applied dental materials can reach the systemic
circulation and produce effects on other blood vessels. This is particularly significant for
appliances that cover large surface areas and release large amounts of resin components.
Since the oral mucosa is very active in the absorption of chemicals and drugs, it is likely
that the resin materials used in the present investigation can be absorbed effectively from
the sites of application. Therefore, there is the possibility of effects on blood vessels
other than the local microvasculature.
This project was intended to collect new information on the responses of blood
vessels to dental resin components. The acquisition of this information would contribute
to a better understanding of the· consequences of the use of resins in dentistry. Some of
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the potential values of such information are discussed in the two manuscripts described in
this thesis.

APPENDIX B: REVIEW OF THE LITERATURE
Applications of resins in dentistry

Resins have been used in dentistry since the mid-1960's for a variety of purposes,
including denture bases, restorations, tooth stabilization, and as bonding agents. The use
of these materials has increased in recent years due to the additional needs of patients for
esthetic benefits, and the availability of technology to simplify the use of such materials.
Moreover, because of the aging population, many patients retain their dental restorations
and appliances for a relatively long period of time. Consequently, there is now increasing
concern regarding the compatibility of dental resins with oral tissues.
Among the various popu1ar formulations available in the market for making
denture bases and composites materials are Triad (Dentsply International, York,
Pennsylvania), Extoral (Pro-Den System, Portland, Oregon), Lucitone 199 (Dentsply
International, York,_ Pennsylvania), Astron LC Hard (Astron Dental Corporation,
Wheeling, Illinois),(!), Fissurit F (VOCO, Germany), Helioseal (Vivadent, Florida)
Delton Plus (De Tray, Dentsply, Germany), Z-100 (3 M Dental Products, St. Paul,
Minnesota), Dyract AP (Dentsply Detsply, Baar, Germany), Solitaire (Heraeua-ku1zer,
Wehrheim, Germany), and Clearfil AP-X (Kuraray Dental, Japan).

Although the

composition of these materials is trade secret, most of them have been shown to contain
monomers of acrylate derivatives such as bis-glycidyl methacrylate (bis-GMA), urethane
dimethacrylate (UDMA), methyl methacrylate (MMA), hydroxyethyl methacrylate
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(HEMA) and triethlene glycol dimethacrylate (TEGDMA), and the polymerization
accelator/photoactivator dimethylaminoethyl methacrylate (DMAEMA), among several
others. Denture materials are supplied by manufacturers as powders and liquids, for
further processing. After mixing them to appropriate consistency, the resulting product is
applied followed by the process of polymerization and formation of resin polymers.
However, the process of polymerization, whether during the making of dentures or other
dental procedures, has not always been found to be complete. There are also reports
suggesting the possibility of formation of new products as a result of the polymerization
reactions (Schuster at el. 1997). In addition, upon contact with oral tissues and/or saliva,
some of the resin components may be degraded by local enzymes (eg., esterases, typsin,
and lipase), producing several degradation products such as MAA from DMAEMA and
HEMA, DME from DMAEMA, and ethylene glycol (EG) from HEMA. Depending upon
the interacting tissues, both the parent compounds and their degradation products have
been reported to be bioactive, at least in some tissues.
Effects of resins on nonvascular oral tissues
Components of resin materials in the oral cavity can interact with different parts
of the oral structure including dentin, pulp, alveolar bone, periodontium, gingiva and
mucosa. This is believed to occur following the release of components from applied
materials. As noted above, these are either chemicals unreacted during the process of
polymerization, products of polymerization reactions, or enzymatic degradation products
(Schuster et a!. 1995). The amount and type of eluted resin components depend on
several factors such as the chemical compositions, purity of the commercial resin
systems, the degree of conversion of constituent monomers, the pH of the oral
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environment, and area of contact of the resin with oral tissues.

The interactions of

several dental resin monomers with the oral tissues result in biological effects that are
manifested in various ways (Lefebvre et a!. 1996).

Currently, investigation of the

biocompatibility of such materials with oral tissues is an active area of research in many
laboratories.
Assessment of the biocompatibility of resin materials has been carried out using
various in, vitro and in vivo testing methods. A brief summary of the important findings
of these studies is given below. Many in vitro studies have documented that certain
components of dental resins are toxic to cells from oral tissues. Accordingly, it has been
reported that Bis-GMA inhibits both RNA and protein synthesis in oral epithelial cells
and gingival fibroblasts (Caughman et a!. 1991; Hanks et a!. 1991). Other studies have
also shown that Bis-GMA, TEGDMA, and UDMA are cytotoxic to oral epithelial cells
when polymerized chemically, by heat or light (Lebebvre et a!. 1991). The chemicallypolymerized samples were reported to be the most toxic followed by light-polymerized
resins. It has been further reported that TEGDMA produces effects on the properties of
membrane phospholipids by acting as a surfactant (Fujisawa et a!. 1988). In addition,
evidence has been provided for certain substances eluted from a commercial lightpolymerized resin causing alterations of sterol and phospholipid metabolism of oral
epithelial cells, including the appearance of a novel polar lipid (Schuster et a!. 1995).
Following this observation, it was demonstrated that one of the major components of the
eluted resins, DMAEMA, could alter the metabolism of several cellular neutral and polar
lipids (Lefebvre et a!. 1996). More recent work revealed that exposure of human gingival
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fibroblasts to ·DMAEMA reduces their number, metabolic activity, and interleukin-1 ~
induced production of iriterleukin-6 (Lapp and Schuster 2002).
There are several other studies revealing the oral cytotoxicity of components of
resin materials under in vivo conditions (Craig 1996). In this regard, HEMA has been
reported to cause pulpal inflanunatory reactions in rabbit teeth (Craig 1996). On the
basis of this, and some other observations, it is generally believed that constituents of
restorative materials induce reactions in the oral soft tissues, including in the gingiva.
However, it is not clear how much of such in vivo cytotoxicity is caused by the
restorative materials, although increased inflanunation of gingiva adjacent to the
restorations was documented where plaque index values was low (Craig, 1996). Further,
eluted products of restorative materials have been suggested to contribute to tissue
inflanunation at sites where the washing effects of saliva are minimal including deep
gingival pockets, or beneath removable appliances (Craig 1996).
Effects of dental resins on vascular tissues

Limited studies have been conducted to determine the effects of dental resins on
vascular reactivity.

Karlsson et al. (1995) reported that MMA causes relaxation of

human saphnous veins and rabbit aortic smooth muscle. It has been documented by
other investigators that infusion of MMA in anesthetized dogs induces sustained
hypotension (Berman et a!. 1974; Wade-Waters et al.I992).

MMA was also found to

produce profound hypotension in human patients following insertion of cement
containing the resin in bone cavities during orthopedic surgery (Keret and Reis 1980;
Duncan 1989). More recently, several single-bottle dentin bonding systems containing a
mixture of primer and adhesive resins together with organic solvents were demonstrated
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to produce contraction of the rat carotid artery (Tasman et a!. 2000; Onur et a!. 2000).
However, in this investigation, it was not verified whether the reported effects were due
to the resins or the other substances.
With regards to other effects on vascular tissues, MMA at concentrations of 5-10
mg/ml was shown to damage endothelial cells in patients undergoing total hip
replacement, as demonstrated by the of release of lactic dehydrogenase and 51 Cr, trypan
blue uptake and by scanning electron microscopy measurements (Dahl 1992 eta!.; Dahl
et a!. 1994). In addition the placement of stents coated with MMA and HEMA in porcine
coronary arteries resulted in significantly reduced vessel wall responses (ie. hyperplasia)
to endothelial cells compared to non-coated stents. However, it remains to be determined
whether this favorable outcome will also. be present in humans (Baret a!. 2000).
Mechanisms of vascular reactivity: an overview

In the function of blood vessels, both the smooth muscle and endothelium play important

roles. This subject is discussed below under separate headings.
Vascular smooth muscle and the role of C~2 +
It is generally. accepted that the activation of smooth muscle by an agonist or by

depolarization leads to an increase in cytoplasmic calcium (Bolton 1979).

The

concentration of intracellular calcium is between 10·8-1 o-6 M in the resting state
(Rasmussen and Barrett 1984). The extracellular calcium concentration is usually greater
than 10"3 M (Daniel et a!. 1983). Even though there is a large concentration gradient
between the extracellular and intracellular environment, the permeability of the plasma
membrane is very low and does not readily allow diffusion of calcium across it under
normal circumstances.

The calcium which diffuses across the plasma membrane is
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generally very low and can be removed by normal cellular mechanisms. This ensures
that the smooth muscle cell does not allow the concentration of calcium to raise to a level
which would allow contraction.

There is a four to six fold increase in calcium to

stimulate contraction (Rasmussen and Barnett 1984). It is, therefore, important that the
smooth muscle cells regulate calcium levels to modulate contractility.
Calcium that supports contraction can be derived from either the extracellular
environment or intracellular calcium stores. Extracellular calcium gains access to the
cytoplasm through two different sets of channels located on the plasma membrane:
voltage-operated calcium channels (VOC) and receptor-operated calcium channels
(ROC). Voltage-operated calcium channels respond principally to changes in voltage
· across the membrane, such as reduction in membrane potential resulting from elevation
of the K+ concentration in the extracellular medium (Bolton 1979). Drugs such as
calcium channel blocks can effectively block these channels. In experimental models
where contraction is caused by calcium entering through VOC, the use of a calcium-free
solution also eliminates contraction caused by activation of these channels, showing that
the contraction was caused by the entry of extracellular calcium. Receptor-operated
calcium channels respond mainly to hormones and neurotransmitters which act through
receptors on the plasma membrane. These channels can also operate when the membrane
is depolarized, and are distinguished from VOCs by their additivity. They are also less
sensitive to calcium channel blockers (Bolton 1979). Agonists such as NE activate the
ROC, and also cause the release of calcium from intracellular stores. This provides a
way to produce contraction in the absence of extracellular calcium. Contraction induced
by such agonists in the presence of extracellular calcium thus consists of an initial phasic
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component and a delayed tonic component. The initial phasic component is derived from
the release of intracellular calcium. The delayed tonic component is derived from the
extracellular calcium. The process of contraction induced without alterations in the
membrane potential is termed pharma-mechanical coupling (Somlyo and Somlyo 1968)
(Fig. 1, Appendix B).
The rise in intracellular calcium, whether mediated via VOC or ROC, is the major
determinant of muscle tension development (Horowitz et al.1996).

The elevated

cytoplasmic calcium is believed to result in formation of a calcium-calmodulin complex,
leading to the activation of myosin light chain kinase (MLKC) and myosin
phosphorylation (Horowitz et al. 1996).

The interaction of phosphorylated myosin with

actin is associated with ATP hydrolysis by fast acting cross-bridges, and with rapid
smooth muscle shortening.

Subsequently, (ie., following primarily agonist-induced

stimulation) both the cytoplasmic free calcium levels and myosin phosphorylation fall to
a reduced level, although the tension is maintained. Agents interfering with the above
contractile mechanisms can inhibit the contraction of vascular smooth muscle, leading to
relaxation. Such agents include those inhibiting the release of intracellular calcium or the
influx of extracellular calcium, and those causing hyperpolarization of smooth muscle
cells, augmentation of production of cyclic nucleotides, and those inducing the release of
endogenous vasorelaxant substances. In the present investigation, the possible vascular
effects of the dental resin components were examined from the point of view of the above
mechanisms (Fig.1, Appendix B).
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Guanylate
Cyclase
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· Figure 1. Schematic diagram of vasculature smooth muscle and endothelium.
nitric oxide synthase = NOS; cyclic guanosine
Nitric oxide = NO;
monophosphate = cGMP; guanosine triphosphate = GTP; voltage operated
Ca 2+ channels =' VOC; receptor operated Ca 2+ channels = ROC. (Modified
from Cooks 1996).
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Role of endothelium
The importance of the endothelium for maintenance of normal vascular reactivity
has now been well established for many arteries including the rat aorta CV anhoutte 1999).
The role played by endothelial cells in the relaxation of arteries to acetylcholine was first
shown by Furchgott and Zawadzki (1980). Since this discovery, responses to many other
substances have been shown to be endothelium-dependent (Pearson and Vanhoutte
1993). It was subsequently determined thai the endothelium-dependent component of the
vascular response was due to the transfer of vasoactive substances from the endothelium
to the smooth muscle (Furchgott and Zawadzki·1980). Further research has de_monstrated
that nitric oxide, EDHF and PGI2 produced in endothelium _are the major substances
causing vascular smooth muscle relaxation (Furchgott and Vanhoutte 1989; Cohen and
Vanhoutte 1995; Mombouli and Vanhoutte 1997).
The endothelium also produces vasoconstrictive mediators such as superoxide
anions, endoperoxides, TXAz and endothelin-1 (Vanhoutte 1987; Vanhoutte et al. 1991)
(Figs 1 and 2, Appendix B).

Consistent to what has been found in animal studies,

endothelium-dependent responses of blood vessels to vasodilators and vasoconstrictors
have also been demonstrated in large as well as small arteries from humans (McNally et
al. 1994; Deng et al. 1995; Chin-Dusting et al. 1996; James et al. 1997; Buikema et al.
1996).

In the absence of endothelium, these responses of blood vessels are not

manifested (Katusic et al. 1988)..

The major vasoactive substances believed to be

produced in the endothelium are presented below (see also Figs 1 and 2, Appendix B)
Nitric oxide: Nitric oxide is one of the substances released by endothelium
(Ignarro eta!. 1987; Palmer eta!. 1987; Furchgott 1988; Myers et a!. 1989; Moncada et
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a!. 1991). Endothelial cells contain nitric oxide synthase that generates nitric oxide
through a mechanism using the amino acid L-arginine as a substrate. Vascular smooth
muscle relaxation by nitric oxide involves the stimulation of soluble guanylate cyclase
and increased formation of cyclic GMP (Rapoport imd Mirrad 1983). Activation of cyclic
GMP-dependent protein kinase by cGMP leads to a decreased cytostolic calcium levels in
the vascular smooth muscle, and ultimately inhibition of contraction· (Lincoln et a!.
1994). It has als~ been shown that nitric oxide also can activate K+ channels independent
of cyclic GMP in certain blood vessels which may also cause vasorelaxation (Bolotina et
a!. 1994). Blocking the production of nitric oxide using competitive analogs of Larginine such as L-NAME reduces endothelium-dependent relaxation (Rees et al. 1990;
Moncada et a!. 1991). There are several such blockers in the market today, and this
protocol is widely used to determine the role of endothelium-derived nitric oxide in
vascular smooth muscle relaxation (Fig 1, Appendix B).
Prostacyclin fPGiz).;

Prostacyclin is a vasodilator metabolite of the

cyclooxygenase branch of the arachidonic acid metabolism pathway, primarily produced
in vascular endothelial cells (Moncada and Vane 1979) (Fig. 2, Appendix B).

Its

vasodilator action is mediated via specific receptors expressed in vascular smooth muscle
(Halushka et a!. 1989; Coleman eta!. 1994). Accordingly, in blood vessels that do not
express these receptors, prostacyclin does not elicit smooth muscle relaxation.
Prostacyclin receptors are coupled to adenylate cyclase and their activation leads to
increase cyclic AMP production in vascular smooth muscle (Kukovetz et al. 1979).
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Figure 2. Arachidonic acid metabolism pathways. Among other products,
the cycloo]cygenase pathway leads to the formati~n prostaglandin h (PGI2),
and thromboxane A 2 (TXA2). PGI2 is a vasodilator, while TXA2 is a
vasoconstrictor.
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This facilitates the extrusion of calcium from the cytosol of the smooth muscle cells
(Bukoski et a!. 1989; Abe and Karaki 1992).

In some blood vessels, this mechanism

stimulates ATP-sensitive K+ channels to cause hyperpolarization of the cell membrane
and inhibition of development of muscle tension (Parkington et a!. 1995). Still in other
blood vessels, prostacyclin has been shown to cause an increase in nitric oxide release
from endothelial cells (Shimokawa et a!. 1988). Evidence also indicates that certain
agents cause the activation of cyclooxygenase pathway in the smooth muscle of some
blood vessels resulting in the production of PGI2 independent of the endothelium (Cooks
1996). Taken together, the available information regarding PGiz production in blood
vessels appears to be very complex. Experimentally, cyclooxygenase inhibitors such ll;S
indomethacin are frequently used as pharmacological tools to assess the role of PGh in
vasorelaxation (Fig. 2, Appendix B).
Endothelium-derived hvoemolarizing factor(s) CEDHF): Endothelium-derived
hyperpolarizing factor is another endogenous substance released from vascular
endothelial cells by the action of certain vasodilators (Talyor and Weston 1988; Komori
and Vanhoutte1990; Beny and von der Weid 1991; Garland et a!. 1995).

Bioassay

experiments suggested that EDHF acts by opening K+ channels in vascular smooth
muscle (Mombouli et a!. 1996; Popp et a!.

1996). It has now become increasingly

evident that EDHF is important in regulating the tone of vascular smooth muscle (Nagao
et a!. 1992; Urakarni-Harasawa et a!. 1997)
By using synthetic KATP channel openers, hyperpolarization has been shown to
inhibit vasoconstriction by closing voltage-sensitive Ca2+ channels (Nelson et a!. 1990).
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However, the mechanisms for this effect is more complex and may involve inhibition of
phospolipase C and calcium sensitivity of the contractile proteins (Itoh et a!. 1992;
Yamagishi et a!. 1992; Okada et a!. 1993).
At least three types of K+ channels have been implicated in mediating EDHFdependant vasorelaxation.

It has been shown that glybenclamide and certain other

inhibitors of large conductance Ca 2+and ATP-sensitive K+ channels block L-NAME·resistant relaxation to ACH in various types of arteries (Cowan et a!. 1993). These
observations have been verified for other endothelium-dependant vasodilators in many
other blood vessels.

However, it is not clear in some cases if the inhibitors of K+

channels affects the release ofEDHF by endothelial cells or its action on vascular smooth
muscle (Mombouli and Vanhoutte 1997) (Fig 1, Appendix B).
Endothelium-derived Contracting Factor(s): The metabolism of arachidonic acid
by cyclooxygenase may lead to the production of prostaglandin G2
prostaglandin H2 (PGH2).

(PGG2), and

Prostaglandin H2 is a precursor for various prostanoids

including TXA2 (Moncada and Vane 1979) (Fig 2, Appendix B). Thromboxane A2 acts
on thromboxane receptors in vascular smooth muscle to produce vasoconstriction
(Halushka et a!. 1989; Coleman et a!. 1994). Its action has been shown to attenuate
· endothelium-dependent relaxation induced by acetylcholine or other vasodilators in
isolated human renal arteries and other blood vessels (Luscher et a!. 1987).

Under

normal circumstances the effects of such vasoconstrictors (produced primarily from the
vascular endothelium) are also masked by the action of endogenously generated
vasodilator substances including prostacyclin, nitric oxide, and EDHF. Cyclooxygenase
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inhibitors such as indomethacin are effective inhibitors of the production of TXAz and
thus its vascular reaction.
To summarize, the endothelium responds to stimulation by generating such
substances as nitric oxide, hyperpolarizing factor, and prostacyclin, among others, which
diffuse to the smooth muscle cells and induce vasorelaxation. This implies that activation
of endothelial cells can lead to inhibition of vascular contractile responses elicited by
agonists or depolarization acting on the smooth muscle. Conversely, ifthere is inhibition
or dysfunction of the endothelium, contractile responses of the smooth muscle is not
inhibited. This is manifested by augmented vasoconstriction in response to contractile
agents (Vanhoutte 1999). As stated earlier, one of the aims of the present project was to
assess the effects of dental resin materials on the function of the endothelium of the rat
aorta at various levels. In addition to vasorelaxant substances, the endothelium cari also
generate vasoconstrictors such as TXA2 . This can occur by drugs and various other
conditions that can promote the synthesis/generation of these substances.
The oral vasculature: a brief account

Periodontal tissues in the oral cavity receive blood supply mainly through
supraperiosteal vessels that are terminal branches of the sublingual, mental, buccal,
facial, greater palatine, infraorbital, or dental arteries (Lindhe 1998).

Venous vessels

are assumed to follow the same course taken by the arteries (Schroeder and Listgarten
1997). Branches of these arteries reach the gingiva from the interdental septa, the
periodontal ligament and the oral mucosa. They also enter the tooth apex to provide
blood supply to the dental pulp. Within the gingival lamina propria, the terminal blood
vessels form networks. underneath the gingival epithelium consisting of capillary loops
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with an ascending arterial and descending venous limb (Mormann 1974).

The average

density of capillary loops has been estimated to be 100-130 mm2 (Matschelknaus eta!.
1970). This rich vascular supply close to the oral enviromnent provides the blood flow
needed for a robust immunologic challenge against bacterial plaque. Any alterations in
this flow could compromise the homeostasis of the enviromnent.
In patients with the periodontal diseases, where either acute or chronic

inflarmnation of the supporting structures of the teeth exist, there may be changes in the
gingival vasculature. It has been shown using a multi-species animal model that as
gingival tissues progress from health to a diseased state that vascular changes precede the
recognized histopathologic changes in gingival tissue inflarmnation. The marginal vessels
elongate and change from a network pattern to loop pattern, along with a change in vessel
size. Efferent vessels dilate and afferent vessels constr1ct (Hock and Nuki 1971). The
results of periodontitis can range from loss of gingival attachment to progressive bone
loss and subsequent tooth loss.
It has been shown that microcirculation of healthy gingival tissues can be altered
by thermal, mechanical, and chemical stimulation. For instance, brushing with hot water,
but not cold water produces a significant increase in the pulse amplitude in healthy
gingiva (Ikawa et.al. 1998). It has also been found that gingival blood flow in young
periodontitis patients recovered more rapidly after local cooling than in healthy controls
(Baab et. a!. 1987). In patients who smoke cigarettes the ·oral vascular reaction associated
with gingivitis, is suppressed (Bergstrom et a!. 1988). It is obvious that different stimuli
can change the blood supply to tissues in disease and health. The above studies found that
lack of proper blood flow, for whatever reason produced outcomes that were detrimental.
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It is also possible that components of dental resins and the chemicals released from them
can produce effects in the oral envirorunent including the oral microvasculature. This
area remains to be investigated.
Some additional characteristics of the resins used in the present investigation

Methyl methacrylate (MMA): Methyl methacrylate is a lipid-soluble liquid with a
formula weight of 100.1. Its chemical formula is C5Hs0z.

The structural formula of

MMA is shown below.
CHJ

cHz=CI

COOCHJ

Methyl methacrylate is used in dentistry for a variety of purposes to include
temporary restorations and denture bases. Considering non-medical aspects, the
production of methacrylate plastics is a major industry, with methyl methacrylate
monomer as one of the most widely employed members in this family. It is also used in
other fields to include ophthalmology and in orthopedic surgery (Bean et al.1994; Galin
et a!. 1977; Lawrence et a!. 1974). In the field of orthopedic surgery MMA is used in
bone cements to anchor prosthetic devices and to stabilize fractures. However, it has been
noted that shortly after the use of bone cements severe adverse cardiovascular effects can
develop (Bright et al.1972; Peebles and Butterforth 1973; Kim and Ritter 1972).

Methyl

methacrylate produces profound hypotension that has been associated with several deaths
during orthopedic surgery (Kirwan 1973; Nicholson 1973; Choen and Smith 1971). The
hypotension effect is felt to be a result of peripheral vasodilitation caused by MMA
(Holland eta!. 1973; Schuh eta!. 1973; McMaster eta!. 1974). After polymerization of
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denture bases, cresidual unreacted MMA is still present in levels high enough to induce
biological effects (Vallittu et a!. 1998).
Hydroxyethyl methacrylate CHEMA): Hydroxyethyl methacrylate is a water
soluble monomer which has a formula weight of 130.1. Its chemical formula is C.,HwOJ.
Its structural formula is shown below.
CH3

-l:

CH2 ..

tOOCH2CH20H

Hydroxyethyl methacrylate is used in dentistry for dentin priming and bonding. It
has a hydrophilic functional group that has a high affinity for dentin surfaces and a
hydrophobic functional group that has a high affinity for adhesive resins (Eick et a!.
1997). These properties allow HEMA to be used as a bifunctional monomer. Studies
have shown that HEMA monomers continue to be released from restorations in
concentrations high enough to cause lethal effects or alterations in cell functions after two
weeks aging in artificial saliva (Wataha et al. 1999).

Hydroxyethyl methacrylate

monomers have also been shown to leach through dentin in sufficient quantities causing
cytotoxicity to dental pulp cells (Hamid et a!. 1998, Li et al.1999). It can be broken down
by enzymatic hydrolysis into methacrylic acid (MAA) and ethylene glycol (Bean et al.
1994).

Also in the medical field, stents used for endovascular prostheses containing

coatings ofMMA and HEMA are being tested for their biocompatibility (Baret a!. 2000).
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Triethylene glycol dimethacrylate (TEGDMA): Triethylene glycol dimethacrylate
is a lipid soluble liquid and has a formula weight of 286.3. Its chemical formula is

C14Hzz06. It has the following structural formula:
CHJ
CH3
I
I
C=CH2
CH2=C
I
I
COO(CH2CH20)30C

Triethylene glycol dimethacrylate is typical diluent monomer m dental
composites and in bonding agents that has been shown to elute from restorations (Lee et
al. 1998). It is included in various amounts in restorative materials, 30-50% (v/v) in
bonding resins, 12-15% (v/v) in composite restorations. Adding TEGDMA to composites
reduces their viscosity and improves their handling qualities (Ferracane and Greener
1984). Triethylene glycol dimethacrylate is considered a small molecule, thus elutes at
faster rates than other monomers (Tanaka et al.1984).

It has also been found to be

extremely cytotoxic to mouse fibroblasts and to inhibit cell growth (Geurtsen et al. 1998).
It is speculated that the ethylene glycol groups of TEGDMA may act like a surfactant,

incorporating into the cell lipid membrane bilayer and alter membrane properties
(Fujisawa et al. 1988).
Dimethylaminoethyl methacrylate CDMAEMA): Dimethylaminoethyl methacrylate
is lipid soluble and has a molecular weight of 157. Its structural formula is:
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Dimethylaminoethyl methacrylate is an activator in photo-polymerized dental
resins (Lefebve et a!. 1996).

Studies have shown that DMAEMA exposure to oral

epithelial cells in concentrations equivalent to what might be contacted by oral tissues
produce changes in a variety of lipid classes (Schuster et a!. 1997).

It is believed that

inhibition of cholesterol from sterol precursors is caused by this monomer (Schuster et al.
1997). Dimethylaminoethyl methacrylate is also hydrolyzed by esterases into
dimethylethanolamine (DME) and MAA which may have their own biological effects.

APPENDIX C: PROSTACYCLIN PRODUCTION IN RESPONSE TO MMA,
TEGDMA, AND DMAEMA

Rationale

From the rat aortic tension studies, it was determined that there was a significant
inhibition by indomethacin of the relaxation produced by DMAEMA, MMA, and
TEGDMA in the presence and absence of endothelium. Prostacyclin is a known
vasodilator generated through the cyclooxygenase branch of the arachidonic acid
metabolic pathway, which is inhibited by indomethacin. This study was designed to
determine if PGI2 was involved in the relaxation produced by these resins in the rat
aortae.
Assay
To measure the production of PGI2 in response to DMAEMA, MMA, and
TEGDMA, aortic rings, with and without endothelium, were placed in 1 ml gassed Krebs
solution for 60-90 minutes at 37°C. The tissues were then treated with NE (10-3M) for 5
minutes. At the end of this period, tissues were incubated with 10-3M MMA, 10-5M
DMAEMA, 10-5M TEGDMA, and 10-5M DMAEMA for 5 minutes. Then 5 J!l of
indomethacin (10-3 M, final concentration) was added and the supernatant was collected
from the tubes. The tissues were homogenized in 0.5 ml of Krebs solution, and after
centrifuging, the supernatant was collected and saved for analysis in combination. The
samples 6-keto-Prostaglandin F !a contents, the stable non-ezymatic hydration product of
PGh (Ylikorkala 1985), were measured by enzyme immunoassay (ELISA) system using
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Enzyme Immunoassay Kit

(Catalog NO. 90004, Assay Designs, Inc, Ann Arbor)

following the manufacture's instructions.
Results

Although increased production of PGh was observed with all the resin
components, the results for MMA, and DMAEMA significantly varied and showed no
consistent pattern. (Figs. 1 and 2).

However the data for TEGDMA revealed an

acceptable ,degree of consistency (Fig. 3). Accordingly, in both the intact and denuded
tissues, TEGDMA elicited greater production PGI2 compared to corresponding basal
values. The amount ofPGiz generated by TEGDMA in the presence of endothelium was
greater than that produced in the absence of endothelium. (Fig. 3).
Conclusion
'

Since the results for MMA and DMAEMA vaned greatly from one test to
another, no correlation could be made with results from the muscle tension studies. It is,
therefore, likely that PGiz may not be involved· in the relaxant responses of the rat aortae
to MMA and DMAEMA. This may imply that factors other than PGI2 may contribute to
these responses. However, the results for TEGDMA are in agreement with the muscle
tension studies and suggest that PGI2 is involved in the relaxation produced by
TEGDMA, in tissues with and without endothelium.

Figure 1. Percentage of 6-keto-Prostaglandin F 1a (PGI2) generated in rat aortic rings
treated with 1 (J 3M MMA compared to basal level in the presence (E +) and absence (E-)
of endothelium. Eqch graph represents mean :f SEM of data obtained from 3 animals.
(For the sake of clarity, only upper error bars are shown in figures).
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Figure 2. Percentage of 6-keto-Prostaglandin F1 a (PGI2) generated in rat aortic rings
treated with I o-5M DMAEMA compared to basal level in the presence (E +) and absence
(E-) of endothelium. The graph represents data obtained from I animal.
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Figure 3. Percentage of 6-keto-Prostaglandin F1a (PGIJ) generated in rat aortic rings
treated with I o-5M TEGDMA compared to basal level in the presence (E+) and absence
(E-) of endothelium. Each graph represents mean x SEM of data obtained from 2
animals. (For the sake ofclarity, only upper error bars are shown in .figures).
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APPENDIX D: SUMMARY OF RESULTS OF MUSCLE TENSION STUDIES
L-NAME
(Nitric Oxide Synthase Inhibitor)
MMA
TEGDMA
HEMA
DMAEMA
E+
E+
EEE+
EE+
ERelaxation
No Effect
Relaxation
No Effect
Relaxation
No Effect
Relaxation
No Effect
Inhibited
Inhibited
, Inhibited
Inhibited
Nitric oxide produces relaxation in smooth muscle. N-nitro-L-arginine methyl ester (L-NAME) inhibits the
action of nitric oxide svnthase in the generation of nitric oxide.

HEMA
E+
ENo Effect
No Effect

INDOMETHACIN
(Cvclooxygenase Inhibitor)
DMAEMA
MMA

TEGDMA

E+
EE+
E+
EERelaxation Relaxation Relaxation Relaxation Relaxation Relaxation
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Prostanoids such as prostacycline are potent vasodilators. Indomethacin blocks prostacyclin production via
its inhibition of the cyclooxygenase ]J_athway.

GLYBENCLAMIDE
{KATP Channel Inhibitor)
TEGDMA
HEMA
DMAEMA
MMA
E+
E+
EE+
EE+
EERelaxation Relaxation
No Effect
RelaXation Relaxation
No Effect
No Effect
No Effect
Inhibited
Inhibited
Inhibited
Inhibited
Opening ofKATP channels produces membrane hyperpolarization, leading to vasorelaxation. Glybenclarnide
blocks KATP channels.
INDOMETHACIN
DME
produced contraction of aortae,
E+

E-

Contraction Inhibited

Contraction Inhibited

Thromboxane A 2 is a potent vasoconstrictor. Indomethacin blocks
Thromboxane A 2 production via its inhibition of the cyclooxygenase
pathway.

Note: For explanation of abbreviations, see page 41.
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