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ABSTRACT

Monomers are released from dental resin materials, and thus
cause adverse biological effects in mammalian cells.
Cytotoxicity and genotoxicity of some of these methacrylates
have been identified in a vast number of investigations during
the last decade. It has been well-established that the co-
monomer triethylene glycol dimethacrylate (TEGDMA)
causes gene mutations in vitro. The formation of micronuclei
is indicative of chromosomal damage and the induction of
DNA strand breaks detected with monomers like TEGDMA
and 2-hydroxyethyl methacrylate (HEMA). As a
consequence of DNA damage, the mammalian cell cycle was
delayed in both G1 and G2/M phases, depending on the
concentrations of the monomers. Yet, the mechanisms
underlying the genetic and cellular toxicology of resin
monomers have remained obscure until recently. New
findings indicate that increased oxidative stress results in an
impairment of the cellular pro- and anti-oxidant redox
balance caused by monomers. It has been demonstrated that
monomers reduced the levels of the natural radical scavenger
glutathione (GSH), which protects cell structures from
damage caused by reactive oxygen species (ROS). Depletion
of the intracellular GSH pool may then significantly
contribute to cytotoxicity, because a related increase in ROS
levels can activate pathways leading to apoptosis.
Complementary, cytotoxic, and genotoxic effects of
TEGDMA and HEMA are inhibited in the presence of ROS
scavengers like N-acetylcysteine (NAC), ascorbate, and
Trolox (vitamin E). Elevated intracellular levels of ROS can
also activate a complex network of redox-responsive
macromolecules, including redox-sensitive transcription
factors like nuclear factor kappaB (NF-«B). It has been
shown that NF-kB is activated probably to counteract
HEMA-induced apoptosis. The induction of apoptosis by
TEGDMA in human pulp cells has been associated with an
inhibition of the phosphatidylinositol 3-kinase (PI3-K) cell-
survival signaling pathway. Although the details of the
mechanisms leading to cell death, genotoxicity, and cell-cycle
delay are not completely understood, resin monomers may be
able to alter the functions of the cells of the oral cavity.
Pathways regulating cellular homeostasis, dentinogenesis, or
tissue repair may be modified by monomers at concentrations
well below those which cause acute cytotoxicity.
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INTRODUCTION

The development of resin-based dental materials bonded to tooth
structures has allowed for the application of new restorative
techniques. The clinical success of these materials, however,
depends not only on the physical and chemical properties of the
materials, but also on their biological safety. The organic matrix of
dental resin materials has been recognized as a source of
compounds that cause a wide variety of adverse biological
reactions. These analyses have been extensively reviewed in the
literature (Schmalz, 1998; Geurtsen, 2000; Ortengren, 2000;
Goldberg and Smith, 2004; Bouillaguet, 2004). Many of these
compounds, mostly epoxy resins and acrylic monomers, have been
identified as important occupational sensitizers, with an established
potential for cross-reactivity. Work-related adverse effects—such as
occupational skin disease (OSD), allergic contact dermatitis, or
irritant contact dermatitis—have been frequently reported by dental
personnel (Kanerva et al., 1994; Kanerva, 2001; Alanko et al.,
2004). It has also been hypothesized that components from dental
composite materials may alter cytokine secretion from human
monocytes if applied at sublethal concentrations. Likewise, other
tightly regulated pathways of cellular metabolism, like the induction
of a cellular stress response or the alteration of lipid metabolism,
were also modified (Schuster et al., 2000; Noda et al., 2002, 2003).
Serious concerns about possible health problems have been raised
since compounds like Bis-GMA, Bis-DMA, and bisphenol A (BPA)
were identified as endocrine-disrupting chemicals capable of
mimicking the effects of natural steroid hormones. These aromatic
components are leached from commercial products like composites
and sealants in concentrations at which biological effects have been
described in experimental models. However, the clinical relevance
of the exposure to estrogenic compounds is still controversial
(Pulgar et al., 2000; Ashby, 2002; Volkel et al., 2002; Wada et al.,
2004).

To date, investigations into the genotoxicity and cytotoxicity of
dental resin materials in vitro have been limited to the characterization
of the alteration of various cellular endpoints. Damage to the cell
membrane, inhibition of enzyme activities, or protein, RNA, and DNA
synthesis, or simply the estimation of the number of surviving cells
after treatment—all are indicators used to describe the modifications in
basic cell function. These assays revealed a wide range of differences
in the cytotoxic effects of the vast array of resin materials (Hanks et al.,
1991; Wataha et al., 1999; Geurtsen, 2000; Schweikl et al., 2005a).
Considerable attention has been paid to the identification of the
individual compounds responsible for the interaction with cellular
structures. Primarily, the major monomers and co-monomers have been
identified as the cytotoxic compounds of the organic matrix of these
complex materials, and a relationship between the structural and
biological activities of monomers has been reported (Hanks et al.,
1991; Yoshii, 1997). However, the molecular mechanisms underlying
the genetic, as well as cellular, toxicity of resin monomers remain to be
elucidated. Recently, resin monomers were also identified as chemicals
that are able to disrupt the stable cellular redox balance, resulting in an
increase in the levels of reactive oxygen species (ROS) and subsequent
cell death via apoptosis. Furthermore, elevated levels of ROS are
candidate agents for the mediation of genotoxic effects, since the
genotoxicity of the monomers triethylene glycol dimethacrylate
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(TEGDMA) and 2-hydroxyethyl methacrylate (HEMA) has been
repeatedly demonstrated in vitro (Schweikl et al., 2001). The
transduction of redox imbalance to apoptosis or DNA damage is
very complex and has been reviewed previously in the literature
(Shackelford et al., 2000; Barzilai and Yamamoto, 2004; Boonstra
and Post, 2004).

The aim of this review is to present recent findings
regarding the induction of genotoxic stress associated with
alterations in the normal cell cycle as a reaction to resin
monomers. We also focus on the role of ROS as a source of
DNA damage and cell death via apoptosis. Finally, the
influence of resin monomers on signal transduction pathways
related to ROS and cell survival is discussed as well.

BIOAVAILABILITY OF RESIN MONOMERS

Composite restorative materials are a mixture of polymerized
resin components reinforced by inorganic fillers (Peutzfeldt,
1997; Rueggeberg, 2002). Several studies have showed that
monomers and other components were released from these
materials into the oral environment even after polymerization.
Among some 30 chemicals, the monomer 2-hydroxyethyl
methacrylate (HEMA) and the co-monomer triethylene glycol
dimethacrylate (TEGDMA) were detected (Santerre et al.,
2001; Michelsen et al., 2003). Both HEMA and TEGDMA
may diffuse through dentin in sufficient concentrations to cause
cellular damage (Bouillaguet et al., 1996; Hume and Gerzina,
1996). It has been estimated that the concentrations of HEMA
and TEGDMA available from, for instance, dentinal adhesives
would be in the millimolar range after diffusion through the
dentin layer. HEMA leaching from dentin adhesives might
reach concentrations as high as 1.5-8 mmol/L in the pulp.
Likewise, the TEGDMA concentrations reaching the pulp after
diffusion across dentin in deep cavities could be in the range of
4 mmol/L (Bouillaguet et al., 1996; Noda et al., 2002). As a
consequence, these concentrations may be high enough to
cause detrimental effects at subtoxic concentrations, such as
modification of the normal inflammatory response or
homeostasis of the pulpal tissues, including the disruption of
the stable cellular redox balance and a disturbance of related
redox-sensitive pathways.

INDUCTION OF GENOTOXIC EFFECTS
BY MONOMERS OF DENTAL RESIN MATERIALS

Genomic DNA is a molecular target for components of dental
resin materials. Genotoxic effects detected in bacteria and
mammalian cells are indicative of the interaction between DNA
and some monomers or associated metabolites. To date, it appears
as if there is a clear difference among the genotoxic potencies of
the various dimethacrylates. For instance, no induction of gene
mutations was detected with the major monomers bisphenol A-
diglycidyl dimethacrylate (Bis-GMA) and urethane
dimethacrylate (UDMA) (Schweikl et al., 1998). However, DNA
damage may have occurred to some extent, because Bis-GMA
tested positive in the DNA synthesis inhibition test (Heil et al.,
1996). Likewise, no gene mutations were detected with the
monomers 2-hydroxyethyl methacrylate (HEMA) and methyl
methacrylate (MMA). However, high concentrations of HEMA
induced a large number of micronuclei, indicating chromosomal
aberrations in vitro (Schweikl et al., 1998, 2001). Therefore, it is
likely that HEMA induced DNA damage. The bifunctional co-
monomer TEGDMA caused dose-dependent mutagenic effects in
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Figure 1. Model of the induction of genotoxicity in mammalian cells by
triethylene glycol dimethacrylate (TEGDMA) and cellular responses.
DNA damage by TEGDMA may occur either directly, via covalent
binding to nucleophilic centers of double-stranded DNA, or indirectly,
via the generation of reactive oxygen species (ROS). The replication of
damaged DNA causes gene mutations, but the successful repair of
damaged DNA will lead to cell survival. Incomplete repair, however, as
well as DNA double-strand breaks (dsb) as a result of blocked DNA
replication, will cause cell-cycle delay or apoptosis in the case of severe
and irreversible damage. Genotoxicity qndpce||-cyc|e delay are inhibited
in the presence of the ROS scavenger N-acetylcysteine (NAC).

mammalian cell cultures. The frequencies of gene mutations were
increased more than ten-fold, and this monomer also induced the
formation of micronuclei (Schweikl ef al., 1998, 2001).
Furthermore, the initiation of DNA strand breaks by TEGDMA
and HEMA was indicated in the comet assay (Kleinsasser et al.,
2004, 2006). Molecular analyses have shown that TEGDMA
induced a characteristic spectrum of mutations in the hprt gene,
which was used as a selection marker for the isolation of mutated
V79 cells. Total deletions of the entire exon sequences of the hprt
gene were detected in the majority of the TEGDMA-induced
mutant cell colonies, although no point mutations were found
(Schweikl and Schmalz, 1999).

The molecular mechanisms leading to mutations induced by
resin monomers are unclear at present. Nonetheless, there are at
least two possibilities for the generation of DNA lesions (Fig. 1).
First, the spectrum of mutations induced by TEGDMA are similar
to those caused in the genome of mammalian cells after exposure
to x-rays and various chemical agents, including anticancer drugs
(radiomimetic chemotherapeutic substances) (Lavin et al., 2005;
Pfeiffer et al., 2005). The carbonyl moieties of acrylates and
methacrylates adjacent to the carbon-carbon double bond function
as electron-withdrawing groups. Consequently, the beta carbon of
the double bond has a positive charge and can directly react with
nucleophilic centers in molecules like DNA and proteins, as well
as small cellular molecules like GSH, via the Michael addition
reaction (Solomon, 1994). Structure-activity relationships of
acrylates and methacrylates are consistent with reaction
mechanisms via the Michael addition, and TEGDMA is a
difunctional molecule with two sites for the Michael addition,
since both «,B-unsaturated beta carbons are targets for
nucleophilic attacks, which could subsequently result in the
formation of intra-strand DNA cross-links (Marnett, 1994;
Besaratinia and Pfeifer, 2005). Second, TEGDMA and related
monomers could induce mutations by a secondary mechanism via
the generation of ROS, as do agents such as ionizing radiation,
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Figure 2. Production of reactive oxygen species (ROS) and cell
response. ROS are generated within the ceﬁ in mitochondria and
peroxisomes, and by cytochrome P450 enzymes (CYP). The intracellular
amounts of ROS uTso increase after exposure to UV light, ionizing
radiation, or chemical agents, including dental resin monomers. The
defense system against ROS includes engogenous and exogenous anti-
oxidants (glutathione GSH, vitamins, N-acetyl-cysteine NAC) plus
enzymatic activities. Cellular macromolecules such as lipids, proteins,
and DNA may be damaged when the production of ROS is higher than
the anti-oxidant capacity of the cells.

UV, and certain chemicals (Achanta and Huang, 2004). ROS are
the major agents responsible for endogenous DNA damage,
which includes oxidation products of DNA bases,
apurinic/apyrimidinic (AP) sites, and DNA strand breaks.
Persistence of ROS-induced DNA damage could result in the
generation of deleterious mutations. The base excision repair
(BER) process is mainly responsible for the repair of ROS-
induced DNA lesions, and BRCAL is discussed as a key factor for
the efficient repair of oxidative DNA damage generated by ROS
(Adimoolam and Ford, 2003; Izumi et al., 2003; Achanta and
Huang, 2004).

It has recently been reported that camphorquinone (CQ), one
of the most widely used initiators in modern light-cured dental
resin systems, and a compound capable of ROS generation,
induced DNA damage. Moreover, ROS scavengers like
glutathione and elevated N-acetylcysteine (NAC) concentrations,
but not mannitol treatment, reduced DNA damage caused by CQ
(Pagoria et al., 2005; Winter et al., 2005). Similar experimental
evidence has been presented for the resin monomers TEGDMA
and HEMA, which increased the number of micronuclei in V79
cells. However, NAC protected these mammalian cells from
monomer-induced genotoxicity, indicating that DNA damage
was caused by ROS. These findings suggest that the clastogenic
activity of TEGDMA and HEMA is, at least in part, a result of
oxidative DNA damage (Schweikl et al., 2006). The analyses of
the TEGDMA-induced mutation spectra in the genome of
mammalian cells revealed deletions of large DNA sequences,
and therefore led to the hypothesis that the monomer might
induce a delay in the cell cycle as a result of DNA damage. This
assumption was based on the observations reported for agents
like ionizing radiation or radiomimetic chemicals, which cause
DNA strand breaks followed by cell-cycle arrest (Shackelford et
al., 1999; Kaina, 2003).

DNA DAMAGE AND REGULATION
OF THE CELL CYCLE

Mitochondrial and genomic DNA are target molecules for
endogenous and exogenous agents like ROS, alkylating
substances, ultraviolet light (UV), ionizing radiation (IR), and
chemotherapeutic substances. These genotoxic agents generate
a variety of lesions, including the generation of DNA single or
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double strand breaks. As a response, an elaborate molecular
regulatory system is activated to maintain cellular genomic
integrity (Shackelford et al., 1999). The successful completion
of G1, S, and G2 phases of the eukaryotic cell cycle is precisely
monitored at various cell-cycle checkpoints. These functional
cell-cycle checkpoints activate cell responses upon DNA
damage through the coordinated activities of sensor, transducer,
and effector proteins (Nyberg et al., 2002; Sancar et al., 2004).
The cell cycle might then be blocked to initiate repair of DNA
damage or to activate programmed cell death. However, defects
in cell-cycle checkpoint signaling are disastrous to genome
integrity, because they can lead to irreversible cell damage like
gene mutations or chromosomal damage. The regulation of the
cell-cycle checkpoints is a network of complex mechanisms
accomplished by p53-dependent as well as p53-independent
pathways (Nyberg et al., 2002; Bakkenist and Kastan, 2004).

The co-monomer TEGDMA has been shown to cause a
reversible accumulation of V79 cells only in the G2 phase,
probably due to the lack of a functional G1 cell-cycle checkpoint
in this cell line (Schweikl et al., 2005b). Since it was reported that
the V79 cell line expresses a non-functional p53 protein, this
block caused by TEGDMA was independent of normal p53
functions and pathways. In contrast, a fast and reversible G1
checkpoint response, to indicate cell response to DNA damage,
was detected in pS53-proficient normal human skin fibroblasts
after exposure to TEGDMA. A prolonged G1 arrest caused by
high TEGDMA concentrations was probably stabilized by a p53-
dependent checkpoint (Schweikl et al., 2005b). Most of the
primary human pulp-derived fibroblasts in TEGDMA-treated cell
cultures were delayed in the G2 phase. Although a clear response
of the pulp cells at the G1 checkpoint was not detected, it
appeared that this lack of an active checkpoint is most likely
related to reduced vitality of primary human pulp cells beyond the
fifth passage in vitro (Schweikl et al., 2005b). Likewise, the
induction of a cell-cycle delay by HEMA was shown with human
gingival and pulp fibroblasts (Chang et al., 2005; Schweikl et al.,
2006). The reports on apoptosis and cell-cycle arrest induced by a
dental adhesive resin correspond to the observations found for the
monomers TEGDMA and HEMA (Mantellini et al., 2003; Chang
et al., 2005). Similar to the observation regarding the formation of
micronuclei, N-acetylcysteine protected mammalian cells from
the cell-cycle delay induced by TEGDMA and HEMA (Schweikl
et al., 2006). These findings show the relevance of ROS in the
induction of genotoxicity as well as cell-cycle delay, and suggest
a central function of these molecules in triggering pathways
leading to cell death.

THE ROLES OF REACTIVE OXYGEN SPECIES
AND GLUTATHIONE IN THE TOXICITY
OF RESIN MONOMERS

Cell death is controlled by several factors within the cell,
including the disruption of a stable redox balance between
ROS, generated both endogenously and exogenously, and anti-
oxidant protective systems. Such an imbalance is a result of the
formation of partially reduced metabolites of cellular oxygen
during electron transfer reactions. Primary sources of ROS
(hydrogen peroxide, superoxide anion, hydroxyl radical) within
the cell include mitochondria, cytochrome P450 enzymes, and
peroxisomes. However, ROS are also generated from external
sources as a result of exposure to UV light, ionizing radiation,
and other environmental agents (Shackelford ez al., 2000;
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Feinendegen, 2002; Droge, 2002) (Fig. 2). ROS are thought to
contribute to the pathogenesis of several diseases, as well as to
the promotion of early aging (Luchsinger and Mayeux, 2004;
Mattson, 2004; Zecca et al., 2004).

To prevent oxidative damage, mammalian cells have
developed a complex defense system of redox-regulating
molecules that include non-enzymatic anti-oxidants like
glutathione (GSH) and enzymatic activities like superoxide
dismutase (SOD), thioredoxin (Trx), thioredoxin reductase
(TrxR), glutathione peroxidase 1 (GPx), glutathione reductase,
catalase (CAT), and other related enzymes or regulators of their
expression (Ames, 1983; Cerutti, 1985; Haddad, 2002; Levonen
et al., 2004; Mathers et al., 2004; Watson et al., 2004; Hayes et
al., 2005) (Fig. 2). The situation is even more complex in certain
physiological circumstances, when radical scavenging by anti-
oxidants like GSH results in elimination of a reactive radical at
the expense of the formation of a radical from an anti-oxidant
molecule. For instance, the scavenging of different reactive
radicals by GSH yields sulfur-centered glutathione radicals (thiyl
radicals). The reactivity of these secondary radicals toward
essential biomolecules determines whether GSH functions as an
effective anti-oxidant or contributes to free radical cell injury as a
pro-oxidant (Sagrista et al., 2002; Borisenko et al., 2004).

Several studies have shown that the cytotoxicity of dental
materials and monomers, suich TEDGMA and HEMA, is
associated with a rapid depletion of GSH (Engelmann et al.,
2002; Stanislawski et al., 2003; Volk et al., 2006). Because
GSH plays an important role in protection and detoxification
processes, the depletion of the intracellular glutathione pool by
TEGDMA may contribute significantly to the cytotoxicity of
this monomer (Geurtsen and Leyhausen, 2001). In addition,
GSH depletion induced by TEGDMA is reported to be
associated with the subsequent production of ROS, which in
turn may contribute to the toxicity of the monomer in gingival
and pulpal fibroblasts (Stanislawski et al., 2003). ROS
production in primary pulp and skin fibroblasts was also
increased by the monomer HEMA (Spagnuolo et al., 2004b;
Chang et al., 2005). The depletion of GSH in fibroblasts is not
related to an increase in oxidized GSH (GSSG) (Lefeuvre et al.,
2004). Likewise, no significant change in the GSH-GSSG ratio
was detected in THP-1 human monocytic cells after exposure to
sublethal concentrations of HEMA and TEGDMA (Noda et al.,
2005). TEGDMA also modified the activity of glutathione
transferase P1 (GSTP1) as a non-competitive antagonist of
glutathione, the substrate of GSTP1. It is interesting to note that
the toxicity of TEGDMA may be related to a polymorphic
expression of GSTPI1 (Lefeuvre et al., 2004). Anti-oxidants
such as N-acetylcysteine (NAC), ascorbate, and Trolox (water-
soluble vitamin E) appear to be useful in preventing cell damage
mediated by TEGDMA and HEMA (Stanislawski et al., 2003;
Walther et al., 2004; Spagnuolo et al., 2006). However, the
question of why and how resin monomers may act via ROS
remains unclear. There is evidence that anti-oxidants might also
act as pro-oxidants under certain experimental conditions (Niki
and Noguchi, 2004). Recently, it has been reported that NAC
and glutathione reduced oxidative DNA damage caused by a
dental resin compound. In contrast, a further study suggested
that low concentrations (NAC < 2.5 mM and glutathione < 0.5
mM) of these cysteine-donating compounds even enhanced the
extent of DNA damage (Winter et al., 2005).

However, the situation with NAC is far more complex.
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NAC, as a source of sulfhydryl groups, acts as a scavenger of
ROS such as hydroxyl radicals and hydrogen peroxide, and its
many effects in vitro and in various tissues have been reviewed
extensively (De Flora et al., 2001; Zafarullah et al., 2003; Wu et
al., 2004). NAC is a cysteine-donating compound that acts as a
cellular precursor to GSH (Rahman and MacNee, 2000). The
molecular mechanism of NAC activity on various redox-
sensitive systems is far from being fully understood. It has been
hypothesized that NAC may act directly on the sulthydryl groups
of cellular components without receptor-mediated signaling.
Target proteins modulated by NAC might contain reactive
cysteine residues that participate in a thiol-disulfide reaction
through a redox status. Redox-sensitive cellular signal
transduction components include Ras, Raf-1, and transcription
factors such as AP-1 and NF-kB. Redox regulation of AP-1 and
NF-kB probably occurs through a conserved cysteine residue. It
has also been reported that reactive cysteine residues of proteins
like Raf-1, MEK, and ERK change to a reduced state in the
presence of NAC (Zafarullah er al., 2003; Yu et al., 2004). Thus,
the imbalance of the cellular redox state due to the generation of
reactive oxygen and sulfur species may activate major signal
transduction pathways, leading to cell death via apoptosis.

THE INDUCTION OF APOPTOSIS
BY DENTAL RESIN MATERIALS

Apoptosis is a programmed physiological process of cell death
which plays a critical role not only in normal development, but
also in the pathology of a variety of diseases and the activity of a
large number of toxicants. The mechanisms leading to apoptosis
have been extensively reviewed previously (Daniel et al., 2003;
Donovan and Cotter, 2004; Kaufmann et al., 2004; Saelens et al.,
2004; Thorburn, 2004). In contrast to apoptosis, necrosis
generally sets off a tissue inflammation process associated with
clinical symptoms (Majno and Joris, 1995; Zhivotovsky, 2004).
Apoptosis has been described in several cell lines after
exposure to eluates of composite materials and
polymethacrylates (Cimpan et al., 2000a,b; Gough and
Downes, 2001; Quinlan et al., 2002). It has been shown that
adhesive-resin-induced apoptosis in mouse odontoblast-like
cells (MDPC-23), undifferentiated pulp cells (OD-21), or
macrophages is dependent on the degree of adhesive resin
polymerization (Mantellini et al., 2003). These findings suggest
a relevant role for unpolymerized resin compounds in the
induction of programmed cell death. Recently, the individual
resin components (e.g., TEGDMA and HEMA) capable of
generating apoptosis or necrosis in normal human primary cells
were identified. Depending on the exposure period, TEGDMA
induced apoptosis in human pulp fibroblasts in a concentration-
dependent manner (Spagnuolo et al., 2004a). Moreover, the
major monomer Bis-GMA affected the glutathione
concentration and the percentage of apoptotic cells in cultured
primary human gingival fibroblasts. Simultaneously with the
induction of apoptosis, Bis-GMA caused a significant depletion
of the intracellular GSH content (Engelmann et al., 2004).
Furthermore, it has been reported, more recently, that
TEGDMA caused mitochondrial damage, as indicated by a
collapse of the mitochondrial membrane potential (Lefeuvre et
al., 2005). This effect by TEGDMA was inhibited in the
presence of Trolox (vitamin E), suggesting a role for the
mitochondria in the generation of ROS, which ultimately leads
to TEGDMA-induced apoptosis (Janke et al., 2003; Engelmann
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Figure 3. Description of the phosphatidylinositol-3 kinase (PI3-K) pathway
and the possible modulatory effect o?/ triethylene glycol dimethacrylate
(TEGDMA). Membrane receptors (ligand-dependent tyrosine kinase
receptor, G-protein-coupled receptor) activate PI3-K to form the second-
messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) by
phosphorylating phosphatidylinositol-4,5-bisphosphate (PIP2). Then, PIP2
and PIP3 stimu?qfe the phosphorylation (activation) of Akt (PKB/Akt). Akt
is a key element in the control of substrates important for cell survival, cell
cycle, protein synthesis, and metabolism. Activation of Akt by PI3-K is
inhibited in the presence of TEGDMA. The possible links fo elevated levels
of reactive oxygen species (ROS) and a decrease in glutathione (GSH)
levels remain to be elucidated. Tumor suppressor protein PTEN =
phosphatase and tensin homologue; PH = pleckstrin Eomo|ogy; AFX,
FKHR = forkhead transcription factors; BAD = pro-apoptotic factor of the
Bcl-2 family; ASK-1 = apoptosis signal-regulating kinase 1; CREB = cAMP
responsive element binJl?ng protein; IKK = inhibitor of NF-kappaB kinase;
mTOR = mammalian target or rapamycin; GSK3 = glycogen synthase
kinase 3; p21, p27 = cyclin-dependent Kinase (cdk) inhibitors.

et al., 2004; Lefeuvre et al., 2005). Cell death caused by
HEMA in human primary skin fibroblasts is predominantly due
to apoptosis rather than necrosis, as determined by flow
cytometry and supported by the activation of caspases
(Spagnuolo et al., 2004b). It has recently been reported that
HEMA induced apoptotic death in Peripheral Blood
Mononuclear Cells (PBMCs) obtained from both healthy and
HEMA-sensitized patients. It seemed that the induction of cell
death by HEMA was lower in PBMCs obtained from patients
compared with that in cells from healthy individuals (Paranjpe
et al., 2005).

CELLULAR SIGNALING
IN MONOMER-INDUCED APOPTOSIS

Current evidence indicates that different stimuli use ROS as
signaling messengers to activate redox-sensitive transcription
factors like Nrf2 (NF-E2-related factor 2), a regulatory factor for
the coordinated expression of cytoprotective genes under the
regulation of the so-called anti-oxidant responsive element (ARE),
activator protein-1 (AP-1), and nuclear factor kappa B (NF-«kB),
and induce gene expression as part of the oxidative stress response
(Marshall et al., 2000; Wenger, 2000; Michiels et al., 2002;
Haddad, 2004; Nioi and Hayes, 2004; Katoh et al., 2005).
Currently, the NF-kB transcription factor family consists of a
variety of Rel-domain-containing proteins, e.g., RelA (p65),
RelB, c-Rel, p50 (NF-kB1), and p52 (NF-kB2). In the
cytoplasm, NF-«kB consists of a heterotrimer of p50, p65, and
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IkBa (Beinke and Ley, 2004; Schmitz et al., 2004). An
important role is played by NF-«kB in regulating the expression
of anti-apoptotic proteins (e.g., c-IAP-1/2, XIAP, cFLIP, Bfl-
1/A1, Bcl-2, and Bcl-XL) and the cell-cycle regulators, cyclins
D1 and E, which increase both cellular survival and proliferation
(Karin and Lin, 2002; Karin et al., 2002). Moreover, it has been
shown that NF-«kB activation prevents apoptotic oxidative stress
by increasing thioredoxin and MnSOD levels, probably through
up-regulation of target genes (Sakon et al., 2003; Pham et al.,
2004; Djavaheri-Mergny et al., 2004).

It appears that activation of nuclear factor-kB (NF-kB) is a
cellular mechanism which fights against cell death induced by
dental monomers like HEMA. An increase in ROS levels in
primary skin fibroblasts caused by HEMA triggered NF-«B
activation (Spagnuolo et al., 2004b, 2006). Blocking ROS levels
by pyrrolidine dithiocarbamate (PDTC), a specific anti-oxidant-
NF-«kB inhibitor, significantly increased the fraction of apoptotic
cells after HEMA treatment. Accordingly, embryonic fibroblasts
(MEF) derived from p65 knockout mice (p65-/-) were more
susceptible to HEMA-induced apoptosis than were wild-type
controls. These results indicate that exposure to HEMA triggers
apoptosis, and that this mechanism is not directly dependent on
ROS increase, since reduction of ROS did not reduce apoptosis.
However, ROS production induced by HEMA was essential,
because it activated NF-kB, which then exerted a protective role
in counteracting apoptosis (Spagnuolo et al., 2004b).

Once generated, ROS are also involved in other
physiological processes, including acting as mediators in signal
transduction pathways. The activation of a cascade of protein
kinases is a key event in most of these pathways, to amplify
extracellular signals. Signaling through the mitogen-activated
protein kinase (MAPK) occurs via a cascade of protein
phosphorylation steps. Currently, the MAPK family is divided
into four subgroups: ERK (extracellular signal-regulated
kinase), p38 MAPK, c-Jun NH(2)-terminal kinase (JNK)/stress-
activated protein kinase (SAPK), and ERKS. Activation of
MAP kinases induces a variety of cell responses, like activation
of gene expression, cell proliferation, cell differentiation, cell-
cycle arrest, or apoptosis. The activation of extracellular signal-
regulated kinase (ERK1/2) is a well-studied MAPK pathway,
discussed as being fundamental for the regulation of cell
survival and apoptosis. The overall complexities of regulated
cell responses to external factors through the various MAP
kinase signaling pathways have been extensively discussed
elsewhere (Dent et al., 2003; Tanoue and Nishida, 2003; Torres
and Forman, 2003; Engelberg, 2004; Kyosseva, 2004).

Signaling through phosphatidylinositol 3-kinase (PI3-K) is a
cell survival pathway different from that of MAP kinases. After
activation by ligand-dependent tyrosine kinase receptors, G-
protein-coupled receptors, or integrins, PI3-K generates the
second-messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3)
by phosphorylating phosphatidylinositol-4,5-bisphosphate (PIP2).
Then, PIP3 probably recruits protein kinase B/Akt (PKB/Akt) to
the plasma membrane to allow for the subsequent phosphorylation
by the phosphoinositide-dependent kinase-1 (PDK-1). PKB/Akt
plays a central role in signaling as a downstream target for PI3-K
(Leevers et al., 1999; Downward, 2004). In several studies, the
functional consequences of PKB/Akt phosphorylation have been
defined, which has led to the conclusion that PKB/Akt is, among
other processes, a component of the regulation of apoptosis and
proliferation (Fig. 3). To date, it appears that PKB/Akt might both
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negatively regulate proteins that promote the expression of death
genes and positively regulate factors leading to cell survival (West
et al., 2002; Downward, 2004).

There is experimental evidence that the dental co-monomer
TEGDMA induced cell death via apoptosis in a concentration-
dependent manner by inhibiting the phosphorylation of PKB/Akt
in human pulp cells. Furthermore, an elementary role of PI3-K in
the signaling of environmental stress caused by the resin monomer
was suggested after inhibition of PKB/Akt phosphorylation by the
inhibitor LY294002. The blocking of phosphorylation amplified
the effect of TEGDMA on the induction of apoptosis. However,
activation of MAP kinase ERK1/2 by phosphorylation was not
detected (Spagnuolo et al., 2004a). These results suggest that the
inhibition of PI3-K/Akt by TEGDMA (or its metabolites) might be
a primary target in TEGDMA-induced cytotoxicity (Fig. 3). In
addition, protein kinase B/Akt might protect pulp cells by
counteracting TEGDMA-induced cytotoxicity. A recent study
reported on the phosphorylation of ERK1/2 in a salivary gland cell
line after exposure to HEMA or TEGDMA. Moreover, it appeared
as if phosphorylation of both p38 and JNK was selectively
increased by HEMA (Samuelsen et al., 2006).

FUTURE CONSIDERATIONS

The clinical relevance of identifying the potential of dental
materials and their components to induce damage in cells and
tissues in vitro has been recently emphasized (Schmalz, 2002;
Geurtsen, 2003). Moreover, advances in the analyses of the
cellular toxicology of resin monomers, as discussed in this
review, have also provided new insights into the interpretation of
the risk factors for oral cavity tissue. For instance, the degree of
the monomer diffusion across dentin is modified by parameters
like the remaining dentin thickness, dentin permeability, or dentin
location (Hume and Gerzina, 1996; Mjor and Ferrari, 2002). It
has been estimated that sufficient amounts of the monomers
HEMA and TEGDMA are probably eluted from clinically used
bonding agents to cause cellular toxicity (Bouillaguet et al., 1996;
Noda et al., 2002). Under such conditions, the modification of
cell homeostasis by TEGDMA, HEMA, and related compounds
might be of particular relevance. Resin monomers that gain
access to signal transduction pathways that respond to the
imbalance of the cellular redox state may also be able to change
the effects of regulatory molecules like growth factors, and, thus,
influence a variety of functions in tissue homeostasis of the dentin
pulp complex (Goldberg and Smith, 2004). Cellular pathways—
for instance, the secretory activity of odontoblasts or odontoblast-
like cells—might be affected as well. Although the relationship
between the degree of cell injury tolerated by odontoblasts and
their survival is unclear, the concentrations of monomers in the
pulp could be high enough to modify, indirectly, appropriate
repair responses like the regulation of reactionary dentinogenesis
(Goldberg and Smith, 2004; Qin et al., 2004). The combined
efforts being made in the field on cellular toxicology of resin
monomers and related future findings derived from cell biology
will improve our understanding of possible systemic disorders as
well as the identification of potential chronic local adverse effects
caused by dental materials.
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