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Dental resin composites and their reactive monomers/co-monomers have been shown to elicit cytotoxic
responses in human gingival fibroblasts (HGF), and their metabolic radical intermediates have the
potential to attack the DNA backbone, which may induce DNA double-strand breaks (DSBs). In this study
we have tested the cytotoxicity and induction of DSBs by the most common composite resin monomers/
co-monomers: BisGMA, HEMA, TEGDMA, and UDMA in gingival fibroblasts using the sensitive y-H2AX

I];ee{]‘/:;lrfz;in composites DNA repair focus assay. Our results show increasing monomer cytotoxicities in the order of
HCEs P BisGMA > UDMA > TEGDMA > HEMA, an order that was also observed for their capacity to induce DSBs.
DNA damage BisGMA at the ECsg concentration of 0.09 mwm evoked the highest rate of y-H2AX foci-formation that was
DNA double-strand break 11-fold higher DNA DSBs as compared to the negative controls that ranged between 0.25 and 0.5 y-H2AX
y-H2AX foci/HGF cell. Our results for the first time show that exposure to dental resin monomers can induce DSBs

in primary human oral cavity cells, which underscores their genotoxic capacity.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

There is a permanent rise in employment of dental resin
composites in restorative dentistry since 1990s, while there are
concerns about their biocompatibility and biochemical stability in
both patients and dentists (for review see [1]). Moreover, there is an
increasing incidence of oral cavity carcinoma in many parts of the
world, for instance an estimated 405,000 new cases of oral cancer
worldwide, while 66,650 in the countries of European Union (EU)
per year were diagnosed up to 2006 which translates to an increase
of 51% [2]. However, the etiology of oral cancer remains unclear.
Thus, besides the major risk factors such as smoking and drinking,
there has been intensive research on the detection of tumor initia-
tion potential and long-lasting effects by hazardous xenobiotics [1].

Dental resin composites, which consist of organic polymers with
inorganic fillers have the potential to elicit genotoxic effects. The
most commonly used monomers/co-monomers are: bisphenol-
A-glycidylmethacrylate (BisGMA), hydroxyethylene methacrylate
(HEMA), triethyleneglycoldimethacrylate (TEGDMA), and ure-
thanedimethacrylate (UDMA), which are used as bonding resins and
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direct filling materials, e.g. in cements and dentin adhesives, and as
sealing agents for inlays, crowns, and orthodontic brackets [1].

Unreacted monomers/co-monomers can be released from dental
composites during insertion and even after polymerization by
means of both physical and chemical processes, directly into the oral
cavity [3,4] or via dentin microchannels into the pulp where they
may reach millimolar concentrations [5,6]. In the pulp they can
damage the resident cells and/or migrate further into the blood-
stream [6]. Additionally, leaching monomers/co-monomers can,
diluted by saliva, enter the digestive tract [7]. After cellular
absorption of monomers/co-monomers, they can form radical
intermediates that can be metabolised to epoxy compounds as
detected by microsome assay [8]. Epoxy intermediates have, via
radical formation, the potential to attack biomolecules among which
the DNA is a critical target (e.g., the N7-position of guanine) [9]. Such
DNA modification may increase the toxicity in exposed cells and
may induce mutagenic/cancerogenic effects [1,10].

In addition, monomers/co-monomers have the potential to
increase the levels of reactive oxygen species (ROS) [11]. ROS are
known mediators of signaling cascades but elevated levels of ROS
can disrupt the cellular redox balance, resulting in oxidative DNA
damage and apoptosis in mammalian cells [1,11]. Along this line,
ROS attack of DNA might induce adverse toxic effects in the
affected cells and organisms like mutagenicity and genotoxicity
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[10,11] as well as embryo toxicity and teratogenicity [12].
Furthermore, dental resin composites and their leached reactive
monomers/co-monomers can induce cytotoxic responses in
human gingival fibroblasts (HGF) leading to reduced viability,
plasma membrane damage, DNA fragmentation, and increased cell
death [1,13]. Processes that may induce mutations and cancer,
when the compounds reach adequate concentration [14]. Previous
in vitro studies estimated that diffusion through the human dentin
layer may lead to concentrations of leached monomers/co-
monomers in the millimolar range, since 1.5-8 mm HEMA levels
were noted in dentin [5]. TEGDMA levels of up to 4 mm were
observed in the pulp [6] and may be high enough to induce
significant harmful effects, as 5 mm TEGDMA can efficiently induce
apoptosis in vitro [15].

Genotoxic effects of BisGMA, HEMA, TEGDMA, and UDMA have
been demonstrated using the DNA single-strand break (SSB)-
specific Comet assay in human lymphocytes and human salivary
gland tissue cells [10,16]. Likewise, glycidylmethacrylate (GMA)
was observed to elicit cytotoxic and genotoxic effects in human
peripheral blood lymphocytes and cancer cells as detected by the
SSB-specific Comet assay, the Annexin V apoptosis test and DNA
double-strand break (DSB)-specific pulsed field gel electrophoresis
[14]. Since the radical intermediates formed by the monomers/co-
monomers noted above can attack DNA on both strands this may
lead to DSB induction in HGFs and other exposed cells.

Here, we tested the genotoxic action of the most common
monomers/co-monomers: BisGMA, HEMA, TEGDMA, and UDMA in
HGFs using a y-H2AX DSB assay that detects the phosphorylated (7y)
histone H2AX molecules that form in chromatin surrounding DSBs
[17,18]. Additionally, we investigated cytotoxicity, in order to
determine the cytotoxic effects of these monomers/co-monomers
in primary HGFs, which in the physiological situation are highly
exposed to monomers/co-monomers after release from composites
into the human oral cavity [19].

2. Materials and methods
2.1. Chemicals

The monomers/co-monomers triethyleneglycoldimethacrylate (TEGDMA; CAS-
No. 109-16-0), bisphenol-A-glycidylmethacrylate (BisGMA; CAS-No. 1565-94-2),
hydroxyethylene methacrylate (HEMA; CAS-No. 868-77-9), and urethanedi-
methacrylate (UDMA; CAS-No. 72869-86-4) were obtained from Evonik R6hm (Essen,
Germany).

HEMA and TEGDMA were directly dissolved in medium. BisGMA and UDMA
were dissolved in dimethyl sulfoxide (DMSO, 99% purity; Merck, Darmstadt,
Germany) and diluted with medium (final DMSO concentration: <1%). Control cells
received either DMSO (<1%) in medium, or 1 mm hydrogen peroxide (H,0,; VWR
International, Darmstadt, Germany).

2.2. Cell culture and drug treatment

The human gingival fibroblasts (HGFs, Cat-No.:1210412) were obtained from
Provitro, Cell-Lining (Berlin, Germany). The HGFs (passage 8) were grown on
175 cm? cell culture flasks to approximately 75-85% confluence and maintained in
an incubator with 5% CO; atmosphere at 100% humidity and 37 °C. Quantum 333
medium supplemented with L-glutamine and 1% antibiotic/antimycotic solution
(10,000 Units/ml penicillin, 25 mg/ml streptomycin sulphate, 25 pg/ml amphoter-
icinB; PAA Laboratories GmbH, Célbe, Germany) was used to culture HGFs. After
reaching confluence the cells were washed with Dulbecco’s phosphate buffered
saline (PAA Laboratories), detached from the flasks by a brief treatment with trypsin/
EDTA (PAA Laboratories).

2.3. XTT-based viability assay

We used the XTT-based cell viability assay to determine the half-maximum-
effect concentration (ECsp) values for the investigated resin compounds in HGFs.
HGFs at a concentration of 20,000 cells/well were seeded into a 96-well microtiter
plate in 100 pl of medium, followed by incubation for 24 h. After removal of
medium, the cells were treated with medium containing BisGMA (0.002-0.2 mwm),
HEMA (0.01-100 mwm), TEGDMA (0.01-2.5 mm), and UDMA (0.02-2 mwm) followed

by incubation for 24 h. Control cells received either medium only or
medium + DMSO (final DMSO concentration: <1%.). As a further negative control
the cells were exposed to 1% Triton X-100 [20]. After incubation for 20 h, the cell
monolayers were washed and a mixture of XTT (sodium 3’-[1-(phenyl-
aminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid
hydrate) labeling reagent (in RPMI without Phenol red) and electron-coupling
reagent (PMS [N-methyldibenzopyrazine methyl sulphate] in phosphate buffered
saline) was added as recommended by the supplier (cell proliferation kit II; Roche
Diagnostics GmbH Penzberg, Germany) 4 h before photometric analysis. This
assay is based on the cleavage of the yellow tetrazolium salt XTT to form an
orange formazan dye by metabolic active cells [20]. Therefore, this conversion
only occurs in viable cells. The formazan formation was quantified spectropho-
tometrically at 450 nm (reference wavelength 670 nm) using a microtiter plate
reader (Victor 3; Perkin Elmer Las GmbH Jiigesheim, Germany). All experiments
were repeated five times.

24. y-H2AX immunofluorescence

We investigated DSB formation in HGF cultures unexposed and exposed to
dental resin compounds by the y-H2AX focus assay, which is a direct marker for
DSBs [17,18,21]. For this microscopic assay 12 mm round cover slips (Carl Roth
GmbH, Karlsruhe, Germany) were cleaned in 1 N HCI and distributed into a 24-well
plate. HGFs were seeded at 7 x 10* cells/mL medium in each well followed by
overnight incubation at 37 °C. The cells were exposed to medium containing the
resins in the following concentrations: BisGMA (0.09; 0.03; 0.009 mwm), HEMA (11.2;
3.7; 112 mm), TEGDMA (3.6; 1.2; 0.36 mm), and UDMA (0.1; 0.03; 0.01 mm) for 6 h.
Since resin monomers/co-monomers released from dental restorative materials, like
HEMA and TEGDMA, may reach millimolar concentrations in the pulp [6,22], we
used three concentrations based on the ECsq values in the millimolar range (1x, 1/3><
and '/19x ECsp). Negative control cells received either medium only (control for
HEMA, TEGDMA) or medium with DMSO (control for BisGMA, UDMA) at a final
concentration of <1% for 6 h. Positive control cells received 1 mm H,0, in medium
for 15 min.

For immunofluorescent staining, cells were first washed 2 x 5 min with PBS,
fixed by adding 0.5 ml ice-cold 4% paraformaldehyde in PBS for 10 min at 4 °C,
washed with cold PBS (4 °C) for 4 x 2 min, and permeabilized for 10 min with 0.5 ml
of triton-citrate buffer (0.1% sodium citrate, 0.1% Triton X-100) at 4 °C. After washing
4 x 2 min with PBS, cells were blocked for 20 min with 4 drops of serum-free
blocking buffer (Dako, Hamburg, Germany) per well at RT. Thereafter, cells were
incubated with mouse monoclonal anti y-H2AX (Millipore, Billerica, MA, USA) at
1:1300 dilution in antibody diluent (0.3 ml per well) (Dako, Hamburg, Germany) at
4 °C overnight. After 4 x 5 min washes with PBS at 4 °C, cells were incubated with
FluoroLink Cy3-labelled goat anti-mouse secondary antibody (GE Healthcare,
Munich, Germany) at a dilution of 1:1300 in antibody diluent (0.3 ml per well) for
1 h atRT in the dark. Cells were then washed 2 x 5 min in PBS, and rinsed 5 min with
deionized water at RT.

Finally, the cover slips were each placed on 0.2 pl of a mixture of 1 ml Prolong
antifade (Invitrogen, Karlsruhe, Germany) and 5 pl DAPI (Invitrogen) on a glass slide
(76 x 26 mm; Carl Roth, Karlsruhe, Germany).

2.5. Image acquisition

HGFs were investigated using a Zeiss Axioplan 2 imaging fluorescence
microscope (Carl Zeiss, Jena, Germany) equipped with a motorized filter wheel
and appropriate filters for excitation of red, green and blue fluorescence. Images
were obtained using a 63x and a 100x Plan-Neofluar oil immersion objective
(Zeiss) and the ISIS fluorescence imaging system (MetaSystems, Altlussheim,
Germany).

2.6. Data analysis

The values performed from the XTT-based viability assay were calculated as
percentage of the 100% controls using Graph Pad Prism 4 (Graph Pad Software Inc.,
San Diego, USA), where they were plotted on a concentration log-scale and the
range of the maximum slope was derived. Half-maximum-effect substance
concentration at the maximum slope was revealed as ECso. The ECsg values were
obtained as half-maximume-effect concentrations from the fitted curves. Data are
presented as means -+ standard error of the mean (s.e.m., n = 5). The statistical
significance (p < 0.05) of the differences between the experimental groups was
checked using the t-test, corrected according to the Bonferroni-Holm modification
preferred by [23].

For quantitative analysis of the y-H2AX test, foci were counted by the same
investigator (E.U.) by eye down the fluorescence microscopic using a 100x objective.
Disrupted cells were excluded from analysis. Cell counting was performed until at
least 40 cells containing at least one focus were reached [21,24] and each experiment
was performed at least 3 times. The mean number of cells scored and the standard
deviation (SD) were calculated. Values were compared using the Student’s t-test
(p < 0.001).
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Table 1
ECsp values (mmol/L) and relative toxicities of HEMA, TEGDMA, UDMA and BisGMA
as determined by XTT viability assay.

Substance ECso Relative toxicity
HEMA 11.20 (0.60) 1
TEGDMA 3.60 (0.20)* 3
UDMA 0.10 (0.04)*P 112
BisGMA 0.09 (0.01)*P 124

The ECsg values of the tested monomers/co-monomers and their relative toxicities
in HGFs. Values are represented as mean (+s.e.m.; n = 5).

2 significantly (p < 0.05) different to HEMA.

b significantly (p < 0.05) different to TEGDMA.

3. Results & discussion
3.1. Exposure with resin monomers reduces cell viability

It was found that incubation with all compounds reduced cell
viability in HGFs significantly (p < 0.05). The highest EC5q value was
found for HEMA after 24 h of exposure (ECsg 11.20 &+ 0.60; mean
[mmol/L] & s.e.m.; n = 5; Table 1). HEMA displayed a 124-fold lower
toxicity in comparison to BisGMA that was significantly (p < 0.05)
higher toxic compared to UDMA, TEGDMA, and HEMA (Table 1).
These ECsg values match closely with previous experiments [13].
The reduced cell proliferation may relate to altered cell cycle
progression and cell viability by, e.g. resin monomer-induced
oxidative stress and the subsequent activation of cell signaling
cascades [11].

3.2. Dental resin composites induce DNA double-strand breaks

Recent work has indicated that the exposure of cells to BisGMA,
TEGDMA, UDMA, or HEMA induces genomic damage leading to the

activation of the DNA damage responsive kinase ATM through its
phosphorylation at Ser 1981 as observed by flow cytometry [11].
This is likely caused by the generation of DNA DSBs as a conse-
quence of massive ssDNA break formation [10,14]. One of the early
responses to DSBs is the ATM-dependent phosphorylation of
histone H2AX at the C terminal Ser 139, then denoted y-H2AX [18].
v-H2AX immunofluorescent staining discloses microscopically
visible foci at DSB sites enabling DSBs to be quantified [17,21].

Here we used the sensitive y-H2AX focus assay to monitor
whether DSBs are formed in HGFs after 6 h exposure to BisGMA,
TEGDMA, UDMA, and HEMA. It was found that y-H2AX foci were
readily discernible in HGF nuclei by immunofluorescence using
phospho-histone (y) H2AX-specific antibodies (Fig. 1). Microscopic
enumeration of y-H2AX foci revealed that BisGMA, UDMA,
TEGDMA and HEMA treatment induced DSB-specific y-H2AX foci
rates significantly above background values (Fig. 2; p < 0.001,
Student’s t-test). Six hours of exposure with BisGMA at 0.009 mw;
UDMA at 0.03 mm or TEGDMA at 0.36 mm evoked similar rates of
v-H2AX foci-formation in HGFs, TEGDMA-induced foci rate at
1.2 mm was 2-fold higher than in cells treated with 1.12 mm HEMA
(Fig. 2). Furthermore, the yield of the average number of induced
foci/cell was positively correlated with increasing compound
concentration for all substances (Fig. 2). The negative controls
DMSO and medium cultures displayed 0.5-0.25 y-H2AX foci/cell.

It was observed that BisGMA at 0.09 mm induced 2-fold higher
DSBs rate as compared to UDMA at a similar concentration (0.1 mm)
(Fig. 2). This DSB-forming effect may result from the significant
ssDNA break induction capacity of BisGMA as observed in human
lymphocytes [10]. BISGMA also displays a higher liposolubility than
UDMA, which may lead to more effective cell penetration as
compared to other monomers/co-monomers [25].

Likewise, inducing ~2-fold higher rates of DSBs with 1.2 mm
TEGDMA relative to HEMA at 1.12 mm may be linked to TEGDMA's

Fig. 1. Representative images of immunofluorescent staining for H2AX phosphorylation (red) in HGFs after a 6 h exposure to BisGMA, TEGDMA, UDMA, or HEMA, compared to
control cells. While DAPI (blue) is a marker for DNA and stains the whole nucleus of a cell, the red y-H2AX-specific foci reproduce as pink due to color overlay. Magnification in the
original 1000x. (1) A nucleus of HGFs without foci, as is typically seen in most untreated cells. (2) A nucleus of HGFs with one focus, which can occur in treated cells (in this case
with HEMA). (3) A nucleus of HGFs displaying three foci (in this case after TEGDMA treatment). (4) A nucleus of HGFs with more than 30 foci, induced by H,0, treatment.
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Fig. 2. Average of induced y-H2AX foci per cell in HGFs elicited by a 6 h exposure to BisGMA, TEGDMA, UDMA, or HEMA. Negative control cells for HEMA and TEGDMA received
medium, for BisGMA and UDMA they received DMSO at a final concentration of <1%. All results are the mean of least three independent experiments and error bars show the

standard deviation.

efficiency to cause lipid peroxidation in vitro [26] and/or its ability
to interact with the lipid bilayer of cell membranes in a surfactant-
like manner [27], with both membrane effects being able to induce
cell death [28].

The genotoxicity experiments presented here make it attractive
to speculate about a risk assessment; we hypothesize in a worst-
case scenario of 32 teeth that are filled with max. 0.5 g composite
each involving BisGMA, the concentration of the theoretically
released BisGMA could be up to 1.12 mg “free” BisGMA that affect
the HGFs, which corresponds approximately 0.002 mmol/L. The
suggestion is based on 0.07% of used BisGMA that is directly
released from the commercial composite Z100® into the oral cavity
[3] and the average portion of monomer/co-monomer amount in
composites of ~10%, which equals to a total of 1.6 g in an oral cavity
with 32 treated teeth, as supposed above. If we consider the daily
saliva production as 1.0 L/d depending on drinking volume, sports
and other factors [29], a BisGMA saliva concentration may account
for 0.002 mm. This concentration is 4.5-fold lower than the BisGMA
concentration that was able to increase the DNA DSBs after a 6 h
exposure in cultured HGFs of our experiments. However, BisGMA
elution into the saliva has been found to be non-linear with time
and to remain at a high level for 7-28 days after polymerization [4].
This underscores the potential adverse effects of the monomers/co-
monomers of dental materials, since they can be released into the
oral cavity in a long period of time.

Additionally, organic solvents like ethanol, chloroform, and
toluol can increase the elution of the monomers. While 50% of the
leachable monomers are eluted within 3 h in water, 75% are eluted
into ethanol-water mixture, within the same time span [30]. Along
this line, 0.085 g of the commercial composite Tetric Ceram®
polymerized for 20 s was shown to release BisGMA to levels of
about 0.31 mM after exposure to a 75% ethanol aqueous solution
[4]. In a worst-case assumption, if 32 teeth are replaced with 0.5 g
per tooth Tetric Ceram®, a total concentration of 59 mm BisGMA
could release into an ethanol-water mixture. However, these
assumed data should trigger no alarm, since normal alcoholic
drinks contain significantly lower concentrations of ethanol and
the contact time between the ethanol and the composite during
a sip will be short-lived and restricted to a small contact surface.

Since our results show that dental resin monomers/co-
monomers can induce severe DNA damage further studies

addressing the nature of DNA lesions and their repair elicited by
dental monomers/co-monomers compounds are required to
further estimate their carcinogenic potential.

4. Conclusions

Our investigation for the first time reveals the induction of DNA
double-strand breaks by dental resin materials in human primary
gingival fibroblasts exposed to EC5g concentrations for a relatively
short period. This directly demonstrates the genotoxic potential of
resin monomers.

Acknowledgements

This study was in part supported by the Hanns-Seidel-Stiftung
e.V., Munich, Germany. The technical assistance of Stefan Schulz is
acknowledged.

Appendix

Figures with essential colour discrimination. Figs. 1 and 2 in this
article may be difficult to interpret in black and white. The full
colour images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.11.065.

References

[1] Schweikl H, Spagnuolo G, Schmalz G. Genetic and cellular toxicology of dental
resin monomers. ] Dent Res 2006;85:870-7.

[2] Parkin DM, Bray F, Ferlay ], Pisani P. Global cancer statistics, 2002. CA Cancer
J Clin 2005;55:74-108.

[3] Munksgaard EC, Peutzfeldt A, Asmussen E. Elution of TEGDMA and BisGMA
from a resin and a resin composite cured with halogen or plasma light. Eur ]
Oral Sci 2000;108:341-5.

[4] Polydorou O, Trittler R, Hellwig E, Kummerer K. Elution of monomers from

two conventional dental composite materials. Dent Mater 2007;23:1535-41.

Bouillaguet S, Wataha JC, Hanks CT, Ciucchi B, Holz ]. In vitro cytotoxicity and

dentin permeability of HEMA. ] Endod 1996;22:244-8.

Noda M, Wataha JC, Kaga M, Lockwood PE, Volkmann KR, Sano H. Components

of dentinal adhesives modulate heat shock protein 72 expression in heat-

stressed THP-1 human monocytes at sublethal concentrations. J Dent Res
2002;81:265-9.

Reichl FX, Durner J, Hickel R, Kunzelmann KH, Jewett A, Wang MY, et al.

Distribution and excretion of TEGDMA in guinea pigs and mice. ] Dent Res

2001;80:1412-5.

[5

(6

(7


http://dx.doi.org/doi:10.1016/j.biomaterials.2009.11.065
http://dx.doi.org/doi:10.1016/j.biomaterials.2009.11.065

2014

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

E. Urcan et al. / Biomaterials 31 (2010) 2010-2014

Seiss M, Nitz S, Kleinsasser N, Buters JT, Behrendt H, Hickel R, et al. Identifi-
cation of 2,3-epoxymethacrylic acid as an intermediate in the metabolism of
dental materials in human liver microsomes. Dent Mater 2007;23:9-16.
Koivisto P, Peltonen K. N7-guanine adducts of the epoxy metabolites of
1,3-butadiene in mice lung. Chem Biol Interact 2001;135-136:363-72.
Kleinsasser NH, Wallner BC, Harreus UA, Kleinjung T, Folwaczny M, Hickel R,
et al. Genotoxicity and cytotoxicity of dental materials in human lymphocytes
as assessed by the single cell microgel electrophoresis (comet) assay. ] Dent
2004;32:229-34.

Eckhardt A, Gerstmayr N, Hiller KA, Bolay C, Waha C, Spagnuolo G, et al.
TEGDMA-induced oxidative DNA damage and activation of ATM and MAP
kinases. Biomaterials 2009;30:2006-14.

Schwengberg S, Bohlen H, Kleinsasser N, Kehe K, Seiss M, Walther U], et al. In
vitro embryotoxicity assessment with dental restorative materials. ] Dent
2005;33:49-55.

Reichl FX, Simon S, Esters M, Seiss M, Kehe K, Kleinsasser N, et al. Cytotoxicity
of dental composite (co)monomers and the amalgam component Hg(2+) in
human gingival fibroblasts. Arch Toxicol 2006;80:465-72.

Poplawski T, Pawlowska E, Wisniewska-Jarosinska M, Ksiazek D, Wozniak K,
Szczepanska ], et al. Cytotoxicity and genotoxicity of glycidyl methacrylate.
Chem Biol Interact 2009;180:69-78.

Janke V, von Neuhoff N, Schlegelberger B, Leyhausen G, Geurtsen W. TEGDMA
causes apoptosis in primary human gingival fibroblasts. ] Dent Res
2003;82:814-8.

Kleinsasser NH, Schmid K, Sassen AW, Harreus UA, Staudenmaier R,
Folwaczny M, et al. Cytotoxic and genotoxic effects of resin monomers in
human salivary gland tissue and lymphocytes as assessed by the single cell
microgel electrophoresis (Comet) assay. Biomaterials 2006;27:1762-70.
Sedelnikova OA, Rogakou EP, Panyutin IG, Bonner WM. Quantitative detection
of (125)IdU-induced DNA double-strand breaks with gamma-H2AX antibody.
Radiat Res 2002;158:486-92.

Rogakou EP, Boon C, Redon C, Bonner WM. Megabase chromatin domains
involved in DNA double-strand breaks in vivo. ] Cell Biol 1999;146:905-16.

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Wan Q, Rumpf D, Schricker SR, Mariotti A, Culbertson BM. Influence of
hyperbranched multi-methacrylates for dental neat resins on proliferation of
human gingival fibroblasts. Biomacromolecules 2001;2:217-22.

Scudiero DA, Shoemaker RH, Paull KD, Monks A, Tierney S, Nofziger TH, et al.
Evaluation of a soluble tetrazolium/formazan assay for cell growth and drug
sensitivity in culture using human and other tumor cell lines. Cancer Res
1988;48:4827-33.

Lobrich M, Rief N, Kuhne M, Heckmann M, Fleckenstein ], Rube C, et al. In vivo
formation and repair of DNA double-strand breaks after computed tomog-
raphy examinations. Proc Natl Acad Sci U S A 2005;102:8984-9.

Ferracane JL. Elution of leachable components from composites. ] Oral Rehabil
1994;21:441-52.

Forst H. Probleme des multiplen Testens und Schdtzens in der Arznei-
mittelforschung. Arzneim Forsch/Drug Res 1985;35:3-5.

Scherthan H, Hieber L, Braselmann H, Meineke V, Zitzelsberger H. Accumu-
lation of DSBs in gamma-H2AX domains fuel chromosomal aberrations. Bio-
chem Biophys Res Commun 2008;371:694-7.

Issa Y, Watts DC, Brunton PA, Waters CM, Duxbury AJ. Resin composite
monomers alter MTT and LDH activity of human gingival fibroblasts in vitro.
Dent Mater 2004;20:12-20.

Terakado M, Yamazaki M, Tsujimoto Y, Kawashima T, Nagashima K, Ogawa ],
et al. Lipid peroxidation as a possible cause of benzoyl peroxide toxicity in
rabbit dental pulp - a microsomal lipid peroxidation in vitro. ] Dent Res
1984;63:901-5.

Schuster GS, Lefebvre CA, Wataha JC, White SN. Biocompatibility of posterior
restorative materials. ] Calif Dent Assoc 1996;24:17-31.

Raffray M, Cohen GM. Apoptosis and necrosis in toxicology: a continuum or
distinct modes of cell death? Pharmacol Ther 1997;75:153-77.

Humphrey SP, Williamson RT. A review of saliva: normal composition, flow,
and function. ] Prosthet Dent 2001;85:162-9.

Ferracane JL, Condon JR. In vitro evaluation of the marginal degradation of
dental composites under simulated occlusal loading. Dent Mater
1999;15:262-7.



	Induction of DNA double-strand breaks in primary gingival fibroblasts by exposure to dental resin composites
	Introduction
	Materials and methods
	Chemicals
	Cell culture and drug treatment
	XTT-based viability assay
	gamma-H2AX immunofluorescence
	Image acquisition
	Data analysis

	Results & discussion
	Exposure with resin monomers reduces cell viability
	Dental resin composites induce DNA double-strand breaks

	Conclusions
	Acknowledgements
	flink5
	References


